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20.  ABSTRACT  (continued) 


la  studies  of  tho  interfacial  interactions  between  functional  polyaers 
containing  earboxylate  and  earboxylie  acid  group*  and  crystalline  sine  phos- 
phata  convsralon  prscoata  dapoaitsd  on  pold-rolled  carbon  stool  surfaces,  it 
was  found  that  tho  surface  topography  of  crystal  procoats,  which  are  charac¬ 
terized  by  tho  presence  of  a  dendritic  aicrostrueture  array  of  interlocking 
trlclinic  crystals,  is  a  aajor  factor  affecting  the  neehanieal  interlocking 
forces  associated  with  the  anchoring  of  the  polyaers  yielded  by  penetration 
of  liquid  resins  into  the  open  surface  aicrostrueture  and  aocrofissures  of 
the  precoats.  Tbs  aagnitnde  of  the  neehanieal  bond  waa  primarily  responsible 
for  the  development  of  the  inter facial  adhesion  forces,  whereas,  the  forma¬ 
tion  of  weak  chemical  bonds  such  as  a  hydrogen  bond  or  aeid/base  interactions 
occurlng  between  the  functional  groups  in  the  polyaers  and  the  crystallised 
H2O  molecules  or  polsr  OH  groups  on  the  precoat  surface  sites  had  little 
effect  on  the  adhesion  strength. 

When  high-strength  cold  rolled  steels  haring  carbon  concentrations  rang¬ 
ing  froa  0.05  to  0.2T,  were  iameraed  into  sine  orthophosphate  dihydrate-based 
phosphating  solutions,  a  high  quality  sine  phosphate  (Zn*Ph)  eonrerslon 
precoating  was  produced.  The  precoat,  which  consists  of  a  uniform  array  of 
large  and  thick  crystals,  can  be  deposited  on  the  substrate  surfaces.  The 
magnitude  of  Improvement  la  the  corrosion- inhibiting  ability  and  neehanieal 
properties  of  these  Zn»Ph  coatings  appears  to  depend  primarily  on  the 
thlcknesa,  fineness  and  density  of  the  coating  layers.  The  introduction  of 
polyelectrolyte  aaeroaolecnles  into  the  phosphating  liquids  was  found  to  be  a 
very  effective  method  for  iaproviag  these  characteristics.  Adsorption  of 
polyelectrolyta  segments  with  molecular  weights  ranging  froa  90,000  to 
250,000  on  the  Za*Ph  crystals  plays  a  key  role  in  increasing  the' stiffness 
and  flexibility  of  the  layers  and  in  advancing  the  crystalline  reorganisa¬ 
tion.  The  addition  of  materials  with  molecular  weight  >250,000  completely 
prevented  the  crystal  growth  of  Za*Pb.  This  was  due  to  the  segmental 
adsorption  of  more  randomly  eolled-up  chains,  la  addition,  the  organic  com¬ 
posites  at  the  outermost  surface  sites  on  the  crystal  act  to  promote  the 
adhesion  with  polymeric  topcoat  systems  by  the  formation  of  organic-organic 
chemical  bonds,  thereby  enhancing  the  bond  durability  of  the  Zn*Ph  precoat- 
to-polymer  topcoat  adhesive  Joints. 
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SUMMARY 


/The  failure  upon  exposure  to  hydrothermal  conditions  of  most  conven¬ 
tional  polymers  containing  functional  groups  in  which  any  two  atoma  se¬ 
lected  from  N,  0,  and  S  are  joined  to  the  same  carbon  atom,  is  generally 
due  to  1)  high  segmental  mobility  of  molecular  chains,  2)  low  thermal 
relaxation  of  the  polymers,  3)  an  Increase  in  hydrophilic  groups,  and 
4)  low  dynamic  mechanical  properties.  Each  of  these  factors  must  be  con¬ 
sidered  in  attempting  to  provide  the  total  protection  needed  for  long 
service  lif-  in  hydrothermal  environments.  Therefore,  the  phyaico-chemi- 
cal  factors  that  determine  the  hydrothermal  stability  and  the  bonding 

characteristics  of  inorganic  macromolecule-ionomer  composite  films  have 

...  '  ,  ,  _ . 

been  investigated.  *  .  -  ^ 

A  Ca0-Si02~H20  maeromolecular-ionomer  complex  was  found  to  be  formed 
in  the  superficial  layers  of  MMA-TMPTMA  copolymer  composite  films  made 
with  fillers  containing  hydraulic- type  calcium  silicate  admixtures  during 
exposure  in  an  autoclave  at  temperatures  up  to  200°C.  This  complex  acted 
in  terms  of  a  self-healing  protective  layer  to  prevent  the  hydrothermal 
deterioration  of  the  original  composite  films,  which  is  important  if  the 
films  are  used  as  protective  layers  on  metals.  This  complex  also  contri¬ 
buted  significantly  to  hydrophobici ty,  a  low  energy  surface,  and  leas  sur¬ 
face  roughness,  thereby  lowering  the  intrinsic  water  permeability  of  the 
films.  The  glass  transition  temperature,  Tg,  and  the  tensile  strength  of 
the  complexed  films  increased  with  increasing  concentration  of  the  cement 
additive  used  as  a  source  of  Ca^+  metallic  ions,  but  they  decreased  when 
the  hydraulic  admixture  concentration  became  excessive  because  of  the 
chain  enlargement  caused  by  the  growth  of  a  large  quantity  of  hydrated 
macromolecules. 


Since  one  of  the  main  factors  affecting  the  durability  of  protective 
coatings  is  the  adhesion  force  to  the  substrate,  it  is  very  important  t.o 
clearly  understand  the  nature  and  role  of  the  adhesion  mechanisms  and  how 
chey  affect  the  Interactions  and  Interplay  at  the  functional  polymer-to- 
metal  interface  regions.  Also,  the  surface  preparation  of  the  substrate 
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appears  to  play  a  keying  role  in  enhancing  the  interfacial  adhesion  force 
at  polymar/metal  joints.  Hence,  this  study  emphasised  the  elucidation  of 
adhesive  mechanises  for  two  functional  polymers,  polyacrylic  acid  and 
lerullnic  acid-modified  furan,  when  applied  to  cold-roiled  carbon  steel 
surfaces  pre-treated  with  phosphating  solutions.  The  work  entailed 
stadias  of  the  mechanical  and  chemical  interactions  occurring  between  the 
functional  polyners  and  crystalline  iron  (HI)  orthophosphate  di  hydra  "a  or 
sine  phosphate  hydrate  (hopeite)  conversion  precoats  that  were  deposited 
on  the  steel  surfaces. 

The  typical  surface  topography  of  the  highly  crystallised  sine  phos¬ 
phate  films  was  found  to  be  characterised  by  the  presence  of  a  dendritic 
micros true ture  array  of  interlocking  trlclinie  crystals.  This  structure 
acts  significantly  to  develop  mechanical  interlocking  bonds  with  the 
functional  polymer,  which  penetrates  into  the  open  surface  structure  of 
the  films. 

Studies  of  the  interfacial  chemical  reactions  Indicated  that  the  con¬ 
formation  changes  in  the  polyaery lie  acid  macromolacules  relate  dlreetly 
to  the  frequency  of  the  magnitude  of  acid/base  and  change  transfer  inter** 
actions  between  the  proton-donating  pendent  COOH  groups  in  poly aery lie 
acid  molecules  and  the  polar  OH  groups  at  hydrated  precoat  surfaea  sites. 
The  presence  of  numerous  free  nucleophilic  ions  existing  on  the  deposited 
precoat  film  leads  to  a  substrantlal  increase  in  the  coil-up  and  entangle¬ 
ment  nacronolecule  density.  These  entangled  complex  macromolecu J es  at  the 
interfaces  resulted  la  a  decrease  in  the  degree  of  chemisorption  at  the 
precoat  surfaces,  whereas  regularly  oriented  COOK  groups  produce  strong 
interfacial  chemisorption  with  the  polar  groups.  When  the  polarised  furan 
polyners  spread  on  the  sine  phosphate  surfaces,  the  carboxylate  groups 
derived  from  the  levuliaie  ester  and  acid  molecules  react  to  form  hydrogen 
bonds  with  the  crystallised  H2O  molecules  on  the  hopeite  film.  This  for¬ 
mation  of  hydrogen  bonding  was  shown  to  be  a  major  factor  affecting  the 
chemical  intermolecular  attractions. 
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Proa  the  studies  of  tfao  lutsrfaeisl  bond  mechanisms  at  functional 
polymer- to-crystal lloe  conversion  pvecoat  joints,  it  was  confiraod  that 
tho  aochanical  interlocking  bond  is  primarily  responsible  for  the  develop¬ 
ment  of  interfacial  adhesion  forces.  The  formation  of  hydrogen  bonds  and 
acid/base  Interactions,  which  are  categorised  as  weak  chemical  bonding 
systems,  is  likely  to  have  little  effect  on  the  advanced  adhesion  forces. 
This  Information  suggested  that  successful  bonding  can  be  attributed  to 
the  following  four  eleaents:  (l)  aochanical  interlocking  associated  with 
the  surface  topography  of  metals,  (2)  surface  wettability  of  aetal  by  the 
polymers,  (3)  strong  chemisorption,  and  (4)  type  and  degree  of  polymer- 
aetal  interfacial  interaction. 

When  water-soluble  polyacrylic  acid  (PM)  aacroaolecules  are  intro¬ 
duced  into  sine  phosphating  liquids,  significant  laproveeents  in  the  yield 
of  conventional  sine  phosphate  conversion  films  deposited  on  carbon  steel 
surfaces  are  obtained.  The  improvements  include  controllability  of  crys¬ 
tal  diaensions,  degree  of  crystallinity,  and  coating  weight.  The  conver¬ 
sion  layer  foraed  is  a  composite  aleros true turn  consisting  of  a  bulk  PAA 
polymer  and  complexad  PAA  eontlnuessly  overlaying  a  uniform  array  of  fine 
dense  sine  phosphate  crystals.  Znterfaclal  studies  of  the  composite  layer 
using  Infrared  spectroscopy,  energy-dispersive  x-ray  spectrometry  associ¬ 
ated  with  scanning  electron  aieroscopy,  ami  x-ray  photoelectron  spectros¬ 
copy  Indicated  that  the  functional  carboxylic  acid  groups  in  the  PAA 
molecules  were  strongly  chemisorbed  by  the  Zn  atoms  at  the  outermost  sur¬ 
face  sites  of  the  crystal  layers.  The  lnteraolecular  bridging  action  of 
the  surface  Zn  atoms  which  correct  the  PAA  and  the  sine  phosphate  crystal 
layers  results  in  good  adLeslon  at  the  PAA-erystal  interfaces.  The  pre¬ 
sence  of  the  organic  composites  at  the  outermost  surface  sites  on  the 
crystal  acted  to  promote  the  adhesion  with  polymeric  topcoat  systems  by 
the  formation  of  organic-organic  eheaieal  bonds,  thereby  enhancing  the 
bond  durability  of  the  Zn*Ph  precoat- to-polymer  topcoat  adhesive  joints. 
Adsorption  of  polyelectrolyte  segments  with  molecular  weights  ranging  from 
90,000  to  230,000  on  the  Zn*Pb  crystals  plays  a  key  role  in  increasing 
the  stiffness  and  flexibility  of  the  layers  and  in  advancing  the  crystal¬ 
line  reorganisation.  The  addltioo  of  material  with  molecular  weight 


3 


.m. 


I 


! 

* 

* 

* 

I 

i 

i 

i 

i 


C 


i 


>230,000  completely  prevented  the  crystal  growth  of  Zn»Ph.  This  was  due 
to  ttao  segaental  adsorption  of  more  randoaly  ceiled- up  chains.  In  addi¬ 
tion,  tba  protective  polyaer  topcoat  overlaied  on  tha  complex  pracoat  sur¬ 
faces  increases  tha  flexibility  of  tha  crystalline  pracoat  itsalf.  The 
aost  iaportant  factors  controlling  tha  flexibility  of  tha  pracoat  ware  low 
elastic  aodulus,  high  tansila  strength,  and  elongatior  of  tha  topcoat  sye- 
taas.  These  characteristics  are  wore  iaportant  than  tha  aagnitnda  of  in¬ 
terfacial  adhesive  bonds  at  topcoat/pracoat  joints. 

I.  INTRODUCTION 

Ca2+  ion-coaplaxad  polyaa thylaathacrylata  (Ca-PHMA)  ionoaar  coapoa- 
itas  have  bean  studied  earlier2.  Tha  eoapositas  contain  hydrated  calciua- 
silica  (CaO-SiOj)  coapounds  and  are  foraad  by  ionic  reactions  between 
divalent  Ca  ions  ralaasad  froa  Ca0-S102  grains  and  carboxyl ate  anions 
(COO*)  yielded  during  tha  hydrolysis  of  functional  pendant  carboxyl  groups 
in  HMA  upon  axposura  to  hydrotheraally  aggressive  envlronaents.  In  tha 
preseoce  of  hot  water,  tha  hydraulic  Inorganic  Ca0*Si02  grains  are  pro¬ 
gressively  converted  into  highly  crystallised  aacroaolacules2.  These 
ancroaolecules  are  produced  in  the  vicinity  of  aaorphous  ionoaar  chains, 
and  thereby  restrict  the  segaental  nobility  of  the  aoleeular  chains.  This 
leads  to  a  aoleeular  configuration  having  a  low  segaental  juaplng  fre¬ 
quency,  which  results  in  ainlaua  permeability,  good  adhesion  to  aetallic 
surfaces,  and  excellent  hydrotheraal  stability.  A  aore  recent  study 
indicated  that  the  enhanceaent  of  the  hydrotheraal  stability  of  the  coa- 
posite  depends  strongly  on  three  characteristics  of  the  Ca0-Si(>2-H20  sys- 
tea  aacroaolacules  foraad  within  the  polyaer  aa trices2:  1)  the  morpho- 
logleal  features  and  orientation  of  aicroerystallloa  forest ions  which 
act  to  reinforce  the  polyaer  aatrices,  2)  the  as  chan  leal  strength  of  the 
crystallised  coapounds,  and  3)  the  space-filling  properties  of  the  aacro- 
aolecules,  which  fora  a  dense  aggloaeration  of  filled  matrix.  Froa 
these  observations.  It  was  concluded  that  the  hydrotheraal  stability  of 
Ca0-Sl(>2-H20  systeas  foraed  during  hydrotheraal  exposures  at  >100°C  is 
due  not  only  to  the  degree  of  crystallisation  and  the  shape  of  the 
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alerocrystal  structure,  but  Also  to  the  relatively  high  quantity  of  SIO2 
molecules  exlsitug  in  the  hybrid  hydration  aacronoleeul.es.  The  results 
suggested  that,  when  an  anhydrous  Ca0-Si02  coapouod  powder  is  to  be  used 
as  a  reactive  filler  with  polyner  blends,  a  hydraulic  eeaent  having  a  low 
aole  ratio  of  Ca0/S102  should  be  eaployed. 

The  above  findings  indicate  that  the  composite  system  can  be  utilised 
as  a  protective  coating  for  aetal  surfaces  exposed  to  hydrothermal  envi¬ 
ronments.  The  coating  protects  the  metal  substrate  from  corroding  primar¬ 
ily  by  two  mechanisms:  (1)  serving  as  a  barrier  for  the  reactants,  water, 
oxygen,  and  ions,  and  (2)  serving  as  a  reservoir  for  corrosion  inhibitors 
that  assist  the  surface  in  resisting  attack.  Failures  of  most  convention¬ 
al  polymer  films  during  exposure  to  aggressive  hot  water  environments  are 
likely  to  be  due  to  1)  high  segmental  mobility  of  molecular  chalna,  2)  low 
t hansel  relaxation  of  the  polymers,  3)  increase  in  hydrophilic  groups,  and 
4)  low  dynamic  mechanical  properties.  Each  of  these  factors  must  be  con¬ 
sidered  in  attempting  to  provide  the  total  protection  needed  for  long  ser¬ 
vice  life  in  hydrothermal  environments.  Therefore,  the  first  objective  in 
this  study  was  to  investigate  the  physico-chemical  factors  that  determine 
the  hydrothermal  stability  and  the  bonding  characteristics  of  inorganic 
macromolecule-lonosMT  composite  films.  These  factors  include  the  degree 
of  polymer- filler  interactions,  thermodynamic  properties,  water  transport 
properties,  mechanical  behavior,  morphological  features  of  the  film  sur¬ 
faces,  surface  free  energy,  Interfacial  adhesive  strength,  wetting  be¬ 
havior,  and  spreading  kinetics. 

Since  adhealon  is  one  of  the  main  factors  affecting  the  durability  of 
protective  coatings  on  aetal  substrate  surfaces,  the  second  objective  was 
to  study  these  processes.  It  is  very  important  to  understand  the  nature 
of  the  adhesion  mechanisms  and  bow  they  effect  interactions  between  func¬ 
tional  polymers  and  metal  surfaces.  The  effects  of  functional  carboxylic 
acid  (COOH)  groups  located  in  the  pendent  of  polyaerylie  acid  (PAA),  on 
ionic  reactions  and  adsorption  are  of  primary  interest  in  understanding 
the  fundamental  adhesion  mechanisms  between  polar  oxide  aetal  surfaces  and 
functional  polyacid  aacromolecules.  The  PAA  molecule  which  is  generally 


expressed  as  •  polyelectrolyta  macromolecule  is  characterised  by  a  staple 
chemical  structure  eons is tint  of  a  stabilised  hydrophobic  main  chain 
(-CHj-CH-),,  and  the  hydrophilic  pendant  (COOK)  groups.  Several  s'euule*  of 
the  reactions  between  ions  and  polyelectrolyte  aacroaolecules  have  been 
made,  using  spectroscopic  and  polarographic  techniques  end  with  pH  titra¬ 
tion  curves.**8  Other  reports  dealing  with  polyner  adsorption  in  which 
the  adsorbed  segments  interact  in  the  sarfaee  layers  have  eaphaslsed 
theoretical  studies.  **18 

Recently,  the  ability  of  polyaeid  to  function  ac  an  adhesive  at  an 
ionic  interface  was  investigated  by  using  Pourier  Trees fore  IR  Spectros¬ 
copy  techniques.1*  This  study  eaphaslsed  that  the  degree  of  neutralised 
polyelectrolyte  aaerooolecule  conformation  results  in  a  fraction  of  bound 
segnents  on  the  adsorbed  not scales.  Hence,  in  the  present  work  we  have 
made  a  systematic  assessment  of  how  the  adhesive  and  adsorption  mechanisms 
at  the  polyelec trolyta  macroewl ecu la- treated  oxide  metal  interfaces  affect 
the  interfacial  bond  strength  and  the  role  of  the  interface  in  adhesion 
processes.  This  elucidation  of  the  lnterfaclal  interaction  mechanisms 
will  provide  the  ability  to  utilise  polyelectrolyte  mscromolecules  as  an 
adhesive  and  a  coating. 

To  assist  in  tbs  elucidation  of  tbs  adhesion  mechanisms  at  the  poly¬ 
mer-metal  interfeeial  joints,  the  nature  of  tha  interaction  between  levu- 
linic  acid-modified  furan  polymer  and  oxidised  metal  surfaces  wau  also 
explored.  When  the  furan  resin  is  applied  as  s  protective  coating  to 
metal  surfaces,  it  is  presumed  that  the  reactivity  of  the  functional  levu- 
llnlc  ester  will  result  in  great  improvements  in  the  holding  forces  at  the 
furan-metal  Interfaces.  Since  the  number  of  levullnie  eoter  configura¬ 
tions  in  tha  furan  nacromolacules  can  be  controlled, 18“l?  the  chemical 
affinity  of  COOK  groups  for  the  oxide  films  offers  the  potential  for  pro¬ 
ducing  furan  coatings  which  possess  strong  chemical  activity. 

The  ideal  modification  of  the  furan  polymers  to  obtain  a  high  inter- 
facial  bond  at  the  pol/mer-oxldlsed  metal  boundary  would  be  to  Incorporate 
an  adeuata  amount  of  levullnie  acid  reagent  to  interact  with  the  methylol 
groups  in  alpha  positions  on  neighboring  furan  rings  to  form  a  methylene 


bridged  polycondensate.  Accordingly,  an  ala  In  tha  praaant  work  was  to 
understand  tha  fundamental  phyalco-chaalcal  factors  naadad  do  design  levu- 
llnle  acid-modified  furan  coatings  which  will  have  strong  bonding  forces 
with  crystalline  zinc  phosphate  hydrate  films  deposited  on  metal  substrate 
surfaces 

On  the  other  hand,  crystalllnu  zinc  phosphate  (Zn*Ph)  conversion 
precoats  deposited  on  carbon  steel  surfaces  play  an  Important  Industrial 
role  In  upgrading  the  corrosion  resistance  and  coating  adherence  proper¬ 
ties  of  substrate  materials,  and  phoephating  processes  have  been  used  for 
this  purpose  for  decades. 

Conventional  Zn*Ph  conversion  crystals  are  formed  by  dipping  steel 
plates  in  a  phoephating  solution  which  is  composed  of  zinc  oxide  (ZnO)  and 
phosphoric  acid  (H3PO4)  as  the  major  chemical  constituents,  and  distilled 
water.  The  surface  roughness  of  the  crystalline  Zn*Ph  precoating  acts 
to  enhance  the  magnitude  of  wettability  and  spreadability  of  the  liquid 
resins,  thereby  increasing  the  degree  of  the  mechanical  interlocking  bonds 
at  the  polymer-Zn*Ph  interfaces.  In  addition,  the  formation  of  highly 
dense  Zn*Ph  crystals  contributes  significantly  to  tha  corrosion  resist¬ 
ance  of  the  steel  substrates.  Tor  maximum  effectiveness,  the  Zn*Ph  pre¬ 
coating  should  be  impermeable  since  it  could  provide  corrosion  protection 
in  tha  event  that  the  polymeric  topcoat  is  damaged  or  delaminates.  It  has 
been  determined  that  the  chemical  constituents  of  the  steel  substrata  upon 
which  the  conventional  zinc  phosphatlng  formulation  is  placed,  play  a  key 
role  in  forming  high  quality  Zn’Ph  coatings.  In  particular,  a  surface 
having  a  high  carbon  concentration  impedes  Che  formation  of  the  Zn*Ph 
coating.  Low  zinc  and  phosphorous  levels  at  high  carbon  areas  result  in  a 
porous  structure  and  poor  bonding  to  the  substrate.  These  characteristics 
lead  to  a  higher  oxygen  and  moisture  availability  at  the  substrate  surface 
and  promote  a  cathodic  delamination  reaction  as  follows: 

H20  +  1/2  02  +  2e”  . .  ».  2  OH”. 

The  generated  hydroxyl  ions  (0H~)  induce  an  alkaline  condition  which 
causes  delamlnatioc.  at  the  precoat/substrate  interfaces.  The  solution 
to  this  problem  is  to  apply  the  ZnO-based  phosphate  solution  onto  steel 
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surfaces  containing  a  low  carbon  content.  Tha  aleroa true turn  and  thickness 
of  tha  conversion  layers  play  aajor  roles  in  restraining  physical  deforma¬ 
tion  failures  of  the  Zn*Ph  layers.  Increased  thickness  results  in  in¬ 
creased  brittleness,  thereby,  enhancing  the  potential  for  failure  during 
flexure  or  other  deformation.  A  thin  uniform  array  of  fine  dense  crystals, 
which  is  flexible,  is  needed  to  yield  the  optimum  precoatlng  system. 

The  incorporation  of  organic  materials  in  the  sine  phosphating  liquid 
as  a  method  for  improving  the  stiffness,  the  flexibility,  and  the  moisture 
impermeability  of  crystalline  films  appears  possible.  The  proton-donating 
COOH  groups  in  polyacrylic  acid  (PAA)  which  can  be  expressed  in  terms  of 
polyelectrolyte  macromolecules  undergo  an  ion-exchange  reaction  with  the 
free  metallic  'one  in  an  aqueous  medium.  The  aetive  high-valency  metallic 
ions  contribute  to  the  formation  of  inter-  and  intramolecular  cross-linking 
of  the  polyelectrolyte  macromolecules  due  to  the  salt  bridge  structure  which 
replaces  two  hydrogens  in  the  COOH  groups  located  in  the  pendent  of  PAA. 

The  nature  of  the  ion-polyanion  reaction  mechanism  suggests  that  the  addi¬ 
tion  of  a  high  molecular  weight  PAA  nay  be  very  effective  in  controlling  the 
deposited  crystal  aiie.*8'*20  When  the  polyelectrolyte  macromolecules  are 
added  t*-  <  sine  phosphating  liquids,  it  is  assumed  that  acid-base  and 

charge  transfer  interactions  will  occur  between  the  COOH  groups  and  the  di¬ 
valent  Zn  ions  which  are  a  aajor  chemical  component  of  the  crystallised 
Zn*Ph  hydrate  films.  This  chemisorbing  function  of  the  COOH  groups  re¬ 
sulting  from  this  complex  formation  may  serve  to  restrict  crystal  growth. 

Therefore,  the  final  objective  in  this  study  was  to  determine  how  the 
polyelectrolyte  macroaoleeule-contalnlng  sine  phosphate  conversion  crystal 
film,  formed  by  treeting  the  metal  surface  with  the  PAA-no«Jlf led  sine  phos¬ 
phating  liquid,  contributes  to  the  improvement  In  the  controllability  of 
crystal  thickness,  the  wettability  by  liquid  resin,  and  the  adherent  proper- 
tlee  to  polymeric  topcoat  systems.  The  presence  of  organic  polymers  in  the 
conversion  films  is  expected  to  result  in  s  film  which  will  act  la  a  manner 
similar  to  a  primer  for  conventional  polymer  topcoatings.  Expected  primer 
formations  nay  display  an  ability  to  promote  the  bonding  forces  at  the  com¬ 
posite  film  -  polymeric  topcoat  interfaces. 
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In  an  attempt  to  aceocpllsh  the  three  objectives  described  above, 
fundamental  studies  of  the  physico-chemical  factors  affecting  the  hydro* 
thermal  resistance  and  bonding  of  polymeric  composites  to  steel  surfaces 
were  Initiated  in  August  1982  by  Brookhaven  National  Laboratory  (BNL)  under 
contract  with  the  O.S.  Army  Research  Office  and  completed  at  the  end  of  July 
1985.  The  work  emphasized  the  fundamental  understanding  of  the  principles 
governing  the  formation  and  nechaoisms  of  stable  adherent  protective  coat¬ 
ings  on  steel  substrates.  The  technical  feasibility  for  the  surface  modi¬ 
fication  and  tailoring  of  a  given  substrate  to  achieve  certain  desired 
characteristics  was  also  appraised. 

In  order  to  achieve  the  program  goals  within  the  3-yr  contract  period, 
a  detailed  outline  and  schedule  for  the  study  was  prepared.  This  is  shown 
in  Figure  1.  The  Phase  I  study  was  performed  within  the  first  12-mo  and 
focused  on  the  self-healing  protective  mechanisms  of  composite  coating  sys¬ 
tems  consisting  of  polymathylmethacrylate  (MMA)  and  Hydraulic- type  calcium 
silicate  compound  fillers,  under  hydrothermal  conditions  up  to  200°C,  and 
their  physico-chemical  characteristics.  Surface  oxide  treatments  for  the 
cold-rolled  carbon  steel  substrates  needed  to  achieve  successful  bonding 
were  also  explored  in  this  phase  of  the  program.  Based  upon  the  fundamental 
work  conducted  in  FT  1983,  the  physico-chemical  factors  governing  the  nature 
and  role  of  the  interfaelal  interactions  between  the  functional  polymers  and 
the  chemically  oxidized  metal  surfaces  were  studied  in  Phase  II  which  was 
performed  in  FT  1984  and  FT  1983.  In  Pha«e  III,  which  was  conducted  during 
FT  1983,  emphasis  was  given  to  the  modification  of  the  crystalline  Zn*Ph 
conversion  precoatings  deposited  on  the  metal  surfaces,  in  order  to  signifi¬ 
cantly  improve  the  mechanical  properties  of  the  precoat  layers,  adhec^on 
forces  to  the  polymeric  topcoat,  and  corrosion- inhibiting  ability. 

II.  SELF-HEALING  TTPE  METHTLMETHACRTLATE  COMPOSITE  COATINCS 

In  protective  systems  in  which  a  topcoat  is  overlaid  on  a  substrate, 
the  most  important  factors  for  suppressing  corrosion  include,  cot  only  the 
formation  of  high  quality  Interfaces  and  strong  Interfacial  attractions,  but 

-9- 


V* 


i 

*■ 


'4 

► 


r 


mi ico  ainttaa  ricrou  imcriac  mtmotvujui. 
USlITtfCS  UB  I0M01K  Of  fOLTM*  COWTOIITf*  TO  STUL  SWACSt 


Plguro  1.  Progrta  outline. 


10 


also  the  hydrophobicity  and  naehaaieal  propartiaa  of  tha  polymer  topcoat 

Itself.  It  is  well-known  that  the  organic  polymers  containing  fuactioaal 

0  0 

,  II  1! 

groups,  such  as  amiaes  ( -  C  -  NH  - ),  esters  ( -  C  -  0  - ),  aad 

acetals  ( -  0  -  CH2O  - ) ,  ia  which  any  two  atoms  selected  from  N,  0, 

and  S  are  joined  to  the  same  carbon  atom,  are  very  sensitive  to  hydroly- 
sis,  particularly  la  hydrothermal  environments.  The  polymer  degradation 
can  be  suppressed  by  increased  coating  thickness  and  by  the  presence  of 
calcined  reactive  fillers.  The  latter,  in  particular,  offers  the  inter* 
eating  possibility  of  forming  self-healing  protective  films.  This  reect- 
ive  filler  is  characterized  by  the  production  of  crystallized  inorganic 
macromolecules  and  dissociation  of  the  divalent  metallic  ions  from  the 
filler  surfaces  in  an  aqueous  medium. 

A.  Materials 

The  methylmethacrylate  (MMA)-based  polymer  system  used  as  a  film¬ 
forming  material  consisted  of  a  mixture  of  37  wtZ  MMA  monomer  (duPont  Type 
EP-4160),  38  wtZ  bead  polyMMA  (duPont  Elvaclte  2008)  with  a  molecular 
weight  of  -3xl04,  and  5  wtX  trims  thy lol propane  trimethacrylate  (TMPTMA) 
cross-linking  agent  (Sa tamer  Co.,  Ltd.).  This  resin  blend  had  a  viscosity 
of  217  cP  and  a  surface  tension  (y^y)  of  32.10  dynes/cm  at  24°C.  Since 
MMA -TMPTMA  copolymers  are  glassy  and  brittle,  the  flexibility  of  the  resin 
over  the  temperature  range  of  interest  was  enhanced  by  incorporating  a 
10  wtZ  dlbutoxyethyl  phthalate  (DBEP)  plasticizer  (C.P.  Hall  Company). 
Polymerization  of  the  plasticized  MMA-TMPTMA  resin  was  initiated  by  adding 
3  wt Z  benzoyl  peroxide  (BP0)  of  98Z  purity  and  1  wtX  N ,N-dimethyi-P- 
toluldine  (DMT)  at  an  ambient  temperature  of  24°C.  After  mixing  of  all 
the  ingredients,  the  gel  time  of  the  resin  was  -10  min. 

A  commercial  class  J  cement  (Lehigh  Portland  Cement  Company)  was  used 
as  a  hydraulic- type  reactive  additive  and  a  source  of  divalent  metallic 
cations.  This  type  of  cement  is  frequently  used  in  the  completion  of  oil 
wells  operating  at  temperatures  >110°C.  Its  chemical  constituents  were 
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as  followss  CaO  40.68%,  SIO2  50.97%,  AI2O3  0.86%,  MgO  1.01%,  P«203  0.70%, 
and  SO3  0.29%;  losa  on  ignition  was  4.75%.  Claaa  J  esaant  la  characteriz- 
«d  by  its  high  silica  content,  which  is  needed  to  prevent  strength  retro¬ 
gression  at  temperatures  >110°C. 

Silica  flour  filler,  which  is  generally  used  as  a  pigment  in  organic 
coatings,  was  ussd  as  a  reinforcement  in  the  films.  The  particle  size  of 
both  the  cement  and  the  silica  flour  additives  was  <200  mesh  (0.074  mm). 

To  prepare  the  composite  films,  50  parts  of  the  Initiated  MMA-TMPTMA  resin 
were  added  to  50  parts  of  the  silica  flour-class  J  cement  filler.  Six 
different  ratios  of  silica  flour  to  cement  (100/0,  90/10,  80/20,  70/3U, 
50/50,  and  30/70)  were  tested.  After  the  two  components  were  thoroughly 
hand-mixed  for  ~30  sec,  filled  composite  films  with  a  thickness  of  25  to 
33  mils  were  cast  on  polyethylene  sheets  with  a  easting  knife  and  then 
cured  at  room  temperature  for  ~2  hr. 

B .  Measurements 

Measurements  of  the  physico-chemical  factors  were  done  on  film  and 
coated  samples  before  and  after  exposure  in  an  autoclave  for  up  to  10  days 
at  temperatures  of  100°,  150°,  and  200°C. 

The  glesa  transition  temperature,  Tg,  of  the  polymer  composites  was 
measured  with  a  duPont  910  differential  scanning  calorimeter  (DSC) 
equipped  with  a  DSC  cell  at  a  heating  rate  of  10°C/min  under  nitrogen  gas 
flowing  at  a  rate  of  50  rnl/mln.  The  samples  weighed  10  to  12  mg. 

Tensile  strength  tests  were  done  on  dumbbell-like  rigid  composite 
film  samples  70  mm  long  and  5  am  wide  at  the  narrowest  section.  Stress- 
strain  diagrams  were  obtained  with  a  tensile  tester  having  a  crosshead 
speed  of  0.5  mm/min.  All  strength  values  reported  ere  for  an  average  of 
three  specimena.  The  changes  in  weight  of  the  films  after  expoeure  were 
also  measured  as  a  function  of  time  at  the  prescribed  temperatures. 

A  Perkln-Elmer  Model  257  spectrometer  was  used  for  Infrared  analysis. 
The  tests  were  performed  by  preparing  KBr  discs  made  by  mixing  200  mg  KBr 
and  3  to  5  mg  of  the  powdered  samples  that  had  been  crushed  to  a  size  of 
<0.053  mm.  The  spectra  were  run  at  an  8  min  scanning  rate  over  the  range 
of  4000  to  600  cm'*. 


Contact  angle  measurements  on  the  film  and  metal  surfaces  were  made 
with  a  Contact  Angle  Analyzer.  All  measurements  were  made  at  60Z  R.H.  and 
24°C  within  30  sec  of  drop  application.  Surface  tension  measurements  were 
made  with  a  Cenco-Du  Nouy  Tensiometer  Model  70535. 

Electrode  potential  measurements  on  metal  plates  (5.0  x  5.0  cm)  coat¬ 
ed  with  cement  and  silica-filled  copolymer  paints  were  made  after  exposure 
for  up  to  25  days  in  an  autoclave  at  150°C  in  order  to  estimate  the  water 
permeability  through  the  coatings.  Coatings  of  10  and  25  mil  thickness 
were  tested.  The  coated  and  the  base  anode  test  plates  were  then  Immersed 
in  s  47.  KaCl  solution  at  24°C.  The  distance  between  the  plates  was  10.16 
cm.  A  one  vclt  potential  was  established  across  the  plates  and  the  re¬ 
sulting  current  flow  measured. 

Microstructure  deformation  of  the  film  surfaces  caused  by  hot  water 
attack  was  observed  by  scanning  electron  microscopy  (SEM)  and  JEOL  trans¬ 
mission  electron  microscopy  (TEM).  The  SEM  samples  were  prepared  by 
depositing  a  gold  film  on  the  surface  of  composite  films.  SEM  and  TEM 
examinations  were  also  employed  to  identify  the  morphological  features  of 
the  hydration  compounds  formed  on  the  amorphous  polymer  layers. 

C.  Results  and  Discussion 

1.  Glass  Transition  Temperature 

High  molecular  mobility  and  segmental  jumping  frequency  of  the  main 
chains  of  an  amorphous  polymer,  during  exposure  to  hot  water,  is  one  of 
the  physico-chemical  factors  affecting  the  hydrothermal  disintegration  of 
polymer  films,  caused  by  the  chain  scissions.  It  is  therefore  important 
to  investigate  the  magnitude  of  the  segmental  Immobilization  in  terms  of 
the  chain  stiffness  and  the  rigidity  of  the  polymer  molecules.  Since  the 
glass  transition  temperature,  Tg,  is  a  second-order  temperature  which  can 
be  regarded  as  the  relaxation  and  motion  of  the  major  segments  in  the 
backbone  molecular  chains  of  an  amorphous  polymer, 2 l (he  Tg  of  the 
polymer  composites  was  determined  ss  a  means  of  estimating  the  degree  of 
segmental  mobility  of  the  polymer  molecules. 
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The  Influence  of  the  hydrated  inorgenlc  maeromoleeules  on  the  atif- 
fneae  of  the  polymer  chela*  wee  analyzed  by  comparing  Tg  values  for  the 
plastlelzed  HMA-TMFTHA  copolymer  films  containing  mixed  fillers  with 
various  ratios  of  silica  flour  (S)  to  hydralic  cement  (C).  Differential 
scanning  calorimetry  (DSC)  at  a  heating  rate  of  10°C/min  was  used  to  de¬ 
termine  the  Tg  of  the  samples.  Typical  DSC  thermograms  showing  the  es- 
santlal  features  for  film  samples  containing  S/C  ratios  of  100/0,  90/10, 
70/30,  and  30/70,  after  exposure  in  an  autoclave  to  water  at  130°C  for 
24  hr  (Figure  2)  all  have  endothermic  peaks  between  57°  and  69°C.  The  Tg 
values  were  obtained  from  the  endothermal  peaks  by  finding  the  intersec¬ 
tion  point  of  the  two  linear  extrapolations.  The  data  indicate  that  use 
of  an  optimum  amount  of  cement  in  the  mixed  filler  consisting  of  silica 
and  cement  raises  the  Tg  of  the  composite  film  after  exposure  to  hot 
water.  Samples  containing  filler  with  a  S/C  ratio  of  70/30  had  a  Tg  of 
63°C,  ~6°C  higher  than  that  at  S/C  -  100/0.  Since  the  segmental  immobili¬ 
zation  of  chains  is  directly  related  to  an  increase  in  Tg,23  this  appar¬ 
ently  verifies  that  the  macromolecules  formed  by  hydraulic  reactions  of 
the  cement  in  contact  with  hot  water  serve  to  restrict  the  segmental 
mobility  of  the  Min  chains.  The  slight  reduction  in  Tg  at  a  S/C  ratio  of 
30/70  indicates  that  the  optimum  concentration  of  cement  in  the  filler  is 
between  30  and  70Z. 

Tensile  strength  and  Tg  data,  as  a  function  of  S/C  ratio  for  the  com¬ 
posite  films  after  exposure  to  water  at  150°C  for  24  hr,  are  given  in 
Figure  3.  The  Tg  rises  with  increasing  cement  content  until  it  reaches  a 
maximum  of  63.5°C  at  a  S/C  ratio  of  30/30. 

The  curve  for  the  tensile  strength  of  the  film  as  a  function  of  the 
S/C  ratio  is  similar  to  that  for  Tg.  The  data  Indicate  that  the  strength 
increases  with  S/C  ratio  between  100/0  and  70/30,  and  then  decreases.  The 
ultlMte  strength,  1130  psi,  for  copolymer  films  with  a  mixed  filler  hav¬ 
ing  an  S/C  ratio  of  70/30  was  ~70Z  higher  than  that  of  films  with  a  silica 
flour  filler  lacking  cement. 
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TENSILE  STRENGTH, 


**70  *%>  ^/ao 

S/C ,  RATIO 


5/,0  l0% 


Figure  3.  Tonal la  strength  end  Tg  0£  files  »a  a  function  of  S/C  ratio 
if ter  expoaure  to  eater  at  I30°C  for  24  hr. 
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Many  recent  investigations**”^  bar*  shown  that  th«  infloanea  of 
Tg  behavior  on  fillad  polymers  dapands  mainly  on  tha  sagaantal  adsorption 
and  orlantatlon  of  tha  auiln  chains  In  tha  immediate  vicinity  of  tha  flllar 
surfaca.  Thasa  can  rasult  In  strong  f lller-polymer  Interactions  and 
aggloaaratl'^n  forces.  Strong  f lllar-polynar  intarfaelal  forces  also  con¬ 
tribute  to  tha  enhancement  of  the  mechanical  strength  of  composite  materi¬ 
als.  However,  tha  newly  produced  formations  at  the  interface  baewaan  the 
configurated  macromolecules  and  the  polymer  chains  not  only  yield  strong 
agglomerations  and  chain  entanglements  but  also  are  likely  to  produce  In¬ 
creased  intarfaelal  stresses  which  result  in  chain  enlargement  occurring 
along  with  the  growth  of  the  macromolecules.  Therefore,  the  reductions  In 
film  strength  as  the  S/C  ratio  Is  decreased  can  be  Interpreted  as  being 
due  to  extraordinary  chain  enlargement  which  exerts  a  "squealing"  force  on 
the  larger  macromolecules  formed  on  the  polymer  layers.  These  high  lnter- 
faeial  stresses  can  be  reduced  by  the  formation  of  nleroeraeka  between  the 
polymer  matrices  and  the  macromolecules.  Zn  fact,  for  copolymer  films 
containing  a  filler  with  a  S/C  of  30/70,  and  haring  a  decreased  T(  of 
61.3°C,  the  tensile  strength  was  down  to  480  pal,  which  resulted  in  de¬ 
formation  and  microcraeklng  of  the  films.  These  results  suggested  that 
the  optimum  amount  of  reactire  cement  must  be  used  with  the  silica  flour 
in  the  filler  to  prerent  film  strength  reduction  due  to  squeeslng 
deformations. 

The  changes  in  weight  of  the  composite  films  after  immersion  in  water 
at  150°C  for  periods  of  up  to  10  days  were  also  measured  (Figure  4).  The 
control  samples  (S/C  ■  100/0)  showed  weight  loss  throughout  the  exposure, 
up  to  ~15X  after  10  days;  they  also  showed  many  blisters  on  their  sur¬ 
faces.  In  contrast,  the  films  with  mixed  fillers  containing  cement  and 
silica  flour  increased  in  weight.  Samples  with  S/C  •  70/30  filler  in¬ 
creased  in  weight  rapidly  orer  the  first  24  hr,  and  then  more  gradually 
for  the  duration  of  the  10-day  exposure.  This  was  due  to  conversion  of 
the  cement  grains  in  the  copolymer  matrix  into  hydrated  cement  compounds 
based  on  the  Ca0-S102'*H20  system  during  exposure  to  hot  water.  The  film 
surfaces  showed  little  or  no  blistering. 
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Samples  with  S/C  ■  90/10  filler,  when  exposed  for  10  days  to  the  hy¬ 
drothermal  environment,  increased  la  weight  for  **3  day*  and  than  gradually 
decreased,  but  they  showed  no  evidence  of  deterioration. or  corrosion. 

2.  Complex  Mechanisms 

Infrared  (IR)  absorption  spectroscopy  was  used  to  elucidate  the  role 
of  cement  additives  as  a  means  for  improving  the  hydrothermal  stability  of 
MMA-TMPTMA  copolymer  containing  carboxyl  groups  (0-C-0-R)  in  the  side 
chains.  To  prepare  the  samples,  films  exposed  to  200cC  hydrothermal  con1* 
ditions  for  10  days  were  first  dried  in  an  oven  at  100°C  for  24  hr  and 
then  ground  to  a  particle  size  <0.0074  mm. 

Earlier  work*,  had  shown  that  hydrothermal  deterioration  of  polymers, 
caused  by  the  hydrolysis  of  a  pendent  earbexyl  group,  can  be  restrained  by 
ionic  cross -l inking  initiated  by  the  strongly  nucleophilic  Ca^+  ions  re¬ 
leased  from  cement  during  contact  with  hot  water.  A  salt  bridge  consist 

ing  of  -COO" Ca^+ — -"00C  complexed  formulations,  resulting  from  ionic 

bonding  between  the  Ca^+  ions  and  the  carboxylate  anions  (C00")  from  the 
hydrolysis  of  carboxyl  groups,  has  been  confirmed  by  asymmetrical  and  sym¬ 
metrical  stretching  vibrations  at  1340  and  1398  cm"*  in  the  IR  spectrum. 

In  addition,  a  correlation  between  the  reduction  in  absorbance  of  the  car¬ 
bonyl  groups  at  1710  cm"*  and  the  increasing  intensity  of  C00"(Ca^+)  com¬ 
plex  groups  1340  and  1398  cm"*  suggested  the  possibility  of  measuring 
the  rates  of  conversion  to  carboxylate  anions.  Accordingly,  the  degree  to 
which  ionic  Ca^+  complex  salt  formations  affected  the  restoration  of  hy¬ 
drothermal  degradation  was  assessed  on  the  basis  of  the  shifts  in  IR  fre¬ 
quency  and  the  changes  in  band  intensity  at  1710,  1340,  and  1398  cm"*. 

The  test  results  from  these  samples  (Figure  5)  show  that  the  inten¬ 
sity  of  the  C00"(Ca*+)  frequency  at  1540  and  1398  cm"*  increases  as  the 
cement  content  of  the  filler  increases.  Conversely,  the  band  of  carbonyl 
groups  at  1710  cm"*  tends  to  shorten  with  growth  of  the  COO"(Ca^+)  bands. 
These  results  verify  that  the  carboxylate  anions,  produced  by  hydrolysis 
of  the  pendent  carboxyl  groups  in  the  copolymer  molecules,  are  converted 
into  C00"(Ca^+)  groups  by  the  nucleophilic  Ca^+  ions  released  from  cement 
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Figure  S.  Shift  la  111  frequency  a«  e  function  of  S/C  ratio  et  200°C. 


grain*  during  exposure  to  hot  water.  Sine*  an  increment  of  a«lt  bridg* 
formation*  par  molacul*  raaulta  in  an  abundant  supply  of  Ca^+  iona,  th# 
optimum  amount  of  camant  additive  should  b*  used  to  provida  a  source  of 
C*2+  iona  for  inhibiting  polymer  chain  scission  caused  by  th#  hydrolytic 
decomposition  of  the  pendant  groups. 

Th#  rata  of  reaction  between  th#  C*2+  iona  and  th#  COO’  anion*  aa  a 
function  of  hydrothermal  tempera tur a,  from  30°  to  2CO°C,  waa  quantitative¬ 
ly  estimated  by  comparing  th#  abaorbanc#  ratio*  of  th#  -COO’(Ca^'*")  groups 
at  1340  cm’l  and  th*  OO  groups  at  1710  em’l.  Sample*  containing  a  filler 
with  a  S/C  ratio  of  70/30  were  used  in  the  IR  spectrophotometry  analysis. 
Prior  to  testing,  the  film*  were  exposed  for  10  days  to  water  at  tempera¬ 
tures  of  30°,  100°.  130°,  and  200°C. 

In  IR  quantitative  analysis,  th#  p«ak  height  or  th#  area  of  th#  band 
is  taken  aa  th#  criterion  of  band  intanaity.  Therefore,  an  accurst#  mea¬ 
surement  of  band  Intanaity  ia  vary  important.  Th#  abaorbanc#*  of  two 
peaks  were  determined  as  th#  distance  from  th#  absorption  maximum  to  a 
baseline  conn*- ting  th#  two  wings  of  th#  band. 

A  plot  of  th#  abaorbanc#  ratio  aa  a  function  of  t#mp«ratur#  (?lgur# 

6)  shows  a  direct  linear  relationship.  This  Implies  that  th#  intensity  of 
th*  band  characteristic  of  COO"(Co*+)  formation  b#eom«s  stronger  aa  th# 

0-0  group  band  Intensity  decreases.  Accordingly,  it  appears  that  a  large 
number  of  pendent  carboxyl  groups  are  converted  into  carboxylate  anions  by 
the  hot  water.  Thes#  anions  simultaneously  produe#  Ca^+  salt  bridg# 
structures  (formed  by  ionic  reactions  with  th#  Ca 2+  ions)  which  play  an 
essential  role  in  binding  the  C00"  ions.  Th#  data  also  suggest  that  th# 
rat#  of  ionic  bonding  through  salt  formation  is  directly  related  to  th* 
temperatur#  up  to  200°C  and  to  th#  quantity  of  cement  mixed  with  th# 
silica  flour  filler.  Th#  absorbance  ratio  of  0.53  at  Z00°C  saems  to  indi¬ 
cate  that  >30%  of  th#  carboxyl  groups  w#r*  changed  in  th#  Ca  salt  forma¬ 
tions.  This  is  ”13  times  as  large  as  th#  p«rc«ntag#  for  samples  at  30°C. 
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Figure 


Relationship  between  abaorbance  retio  end  hydrothermal 
temperature  for  film  containing  filler  with  a  S/C  ratio 
of  70/30  after  expoaure  to  hot  water  for  10  days. 
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Three  possible  aoleculsr  structures  for  the  calcium  carboxylate  com- 
plexes  can  be  deduced.  These  ere  shown  below. 
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Conplexed  structure  (I)  is  characterized  as  an  intranolecule  hydrat¬ 
ed  salt- type  formed  within  the  single  chain,  and  (II)  refers  to  an  inter- 
aolecule  hydrated  salt-type-  through  the  cross-linking  structure  which 
connects  two  adjacent  cerboxylates  between  the  chains.  The  calciua  cation 
in  a  salt  bridge  will  be  stabilized  by  six  water  aolecules  to  give  an 
octahedral  structure22.  The  neutral  H2O  molecule*  coordinated  to  the  Ca2+ 
ions  will  be  stable  enough  to  remora  water  rapor  from  ordinary  air  at 
ambient  temperature23.  An  alternative  formation,  (III),  may  be  inter¬ 
preted  as  a  pendent  half-salt. 

Assuming  that  the  Ca-eomplexed  lonoaer  matrix  consists  of  the  above 
three  species,  formations  (I)  and  (II)  contribute  significantly  to  en¬ 
hancement  of  the  chain  stiffness,  lower  the  degree  of  free  rotation  of  the 
chains,  and  increase  the  chain  entanglements,  thereby  lncreeslng  Tg  levels 
and  the  mechanical  strength  of  the  films2*.  On  the  other  hand,  the  half¬ 
salt  located  in  the  pendent  groups  may  be  presumed  to  have  little  if  any 
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effect  on  restraining  chain  rotation.  Vith  regard  to  half-salt  aolecuiar 
structures,  -COO"— Ca2+OH"  groupe  containing  an  interchangeable  hydroxyl 
group  are  more  likely  to  he  hydrophilic  than  hydrophobic. 

3.  Thermal  Behavior  Analysis 

The  enhanced  thermal  stability  of  Ca-coaplexed  compound  filas  was 
assuaed  to  be  due  aainly  to  the  presence  of  a  larger  nuaber  of  salt  bridge 
formations  and  to  the  hydrated  inorganic  aacroaoleeulea  formed  during 
exposure  to  the  hydrotberaal  environment.  Thermal  measurements  intended 
to  clarify  this  assuaption  were  aade  by  using  thernograviaetrlc  and  dif¬ 
ferential  thermal  analysis  (TGA  and  DTA).  Since  the  cumbers  of  salt 
formations  and  of  hybrid  aaeroaolecules  increase  with  increasing  hydro- 
thermal  temperature,  copolymer  filas  with  S/C  30/70  filler  were  exposed 
for  3  days  to  water  at  taaperatures  of  24°,  130°,  and  200°C.  After  expo¬ 
sure,  the  thermal  behavior  analyses  were  performed  at  a  heating  rate  of 
10°C/aln  in  nitrogen  gas. 

The  TGA  thermograms  are  shown  in  conjunction  with  the  DTA  curves  in 
Figure  7.  The  TGA  curve  for  the  samples  exposed  at  24°C  (the  controls) 
indicates  that  weight  loss  began  at  ~225°C.  Zt  reached  13Z  at  ~273°  and 
40Z  at  ~400°C.  These  temperatures  correspond  to  weak  and  strong  endother¬ 
mic  peaks  on  the  DTA  curve.  The  former  peak  may  be  due  to  the  rotational 
energy  of  the  molecular  chains  and  the  latter  to  the  integrated  heat  of 
fusion. 

In  contrast  to  the  controls,  which  lost  no  weight  up  to  ~223°C,  the 
samples  that  had  been  exposed  to  water  at  130°  lost  H).13  g  over  the  tem¬ 
perature  range  80°  to  200°C.  This  appears  to  be  directly  related  to  the 
two  weak  DTA  endotheraal  peaks  at  80°  and  175°C.  The  peak  at  ~60°C  is 
attributed  to  vaporisation  of  free  water.  The  total  amount  of  free  water 
was  calculated  from  the  TGA  data  to  be  ~0.03  g.  This  corresponds  to 
~0.26Z  by  weight  of  the  total  composite  mass. 
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The  weight  loss  at  ~175°C  may  ba  dua  to  thermal  dissociation  of  bound 
water,  including  the  gel  water  combined  with  the  hydraulic  cement  and  the 
neutral  H2O  molecules  coordinated  to  Ca^+  ions  in  Ca*+  bridges.  The 
amount  of  bound  water  was  calculated  to  be  ~0.1  g.  The  onset  temperature 
for  thermal  decomposition  of  the  150°C  sample  was  ~330°C,  ~105°C  higher 
than  that  of  the  control.  The  DTA  curve  shows  that  the  Intensity  of  Its 
endothermal  peak  at  ~300°C  is  much  weaker  than  that  for  the  control.  This 
may  imply  that  the  chain  rotation  energy,  which  can  be  determined  from  the 
total  area  of  the  curve  enclosed  by  the  baseline,  was  reduced  by  the  for¬ 
mation  of  salt  complexes  and  by  the  inorganic  maeromolecules  produced  dur¬ 
ing  the  hydrothermal  exposure. 

Another  weak  peak  appears  in  this  curve  at  480°C.  This  la  due30  to 
the  dehydration  of  Ca(0H)2  and  is  related  to  the  slight  weight  loss  be¬ 
tween  480°  and  540°C  on  the  TGA  curve.  The  Ca(0H)2  formation  of  -*0.15  g 
was  calculated  on  the  basis  of  the  distance  between  the  onset  of  the  two 
linear  portions  before  and  after  the  transition  period,  on  the  TGA  curve. 
It  amounts  to  ~3.72Z  by  weight  of  anhydrous  cement  used. 

The  sample  that  had  been  exposed  to  water  at  200°C  lost  “-0.18  g  of 
water  between  the  temperatures  30°  and  110°C.  The  slight  change  in  the 
slope  of  its  TGA  curve  near  130°C  is  due  to  the  presence  of  ‘•'0.16  g  of 
bound  water,  which  is  ~60Z  greater  than  that  in  the  samples  exposed  at 
150°C. 

It  is  well  known  that  the  amount  of  water  in  a  well-hydrated  cement 
retained  at  103°C  is  generally  —20%  by  weight  of  the  anhydrous  cement^*-. 
Thus,  if  -0.16  g  of  bound  water  is  assigned  to  the  liydrated  cement,  this 
corresponds  to  -4.1%  by  weight  of  the  total  anhydrous  cement  mass.  It 
may,  therefore,  be  interpreted  that  -21%  of  the  cement  present  in  the 
copolymer  matrix  was  completely  hydrated.  However,  since  some  H2O  mole¬ 
cules  coordinated  to  Ca*+  ions  should  also  be  contained  as  bound  water, 
the  amount  of  hydrated  cement  is  actually  <21%.  These  results  seem 


to  suggest  that  the  hydration  products  of  cement  are  probably  formed  in  a 
▼ery  thin  superficial  layer  on  the  films,  where  they  seem  to  protect  the 
organic  polymer  from  hydrothermal  deterioration.  On  the  other  hand,  the 
onset  temperature  of  the  major  weight  loss,  as  determined  by  TGA,  was 
"•380oC.  This  was  accompanied  by  a  prominent  endothermic  peak  at  423°C  on 
the  DTA  curve.  The  high  onset  temperature,  50°C  above  that  for  the  150°C 
samples,  seems  to  verify  that  the  corf igurative  combination  between  the 
highly  formed  salt  complexes  and  the  macromolecules  contributes  signifi¬ 
cantly  to  the  improvement  in  the  hydrothermal  stability  of  the  composite 
films.  The  temperature  at  which  the  film  exhibited  a  401  weight  loss  was 
*-600°C.  DTA  data  also  Indicated  the  disappearance  of  the  exothermal  peak 
at  ~300°C.  Therefore,  it  appears  that  tliese  formations  enhance  chain 
stiffness.  On  the  basis  of  the  change  in  the  TGA  slope  at  '-‘470°C,  the 
amount  of  Ca(OH>2  produced  was  estimated  to  be  *"0.2  g,  which  cr^'iesponds 
to  **5.1X  by  weight  of  the  anhydrous  cement. 

4.  Wetting  Behavior  of  Film  Surface 

Since  the  wettability  relationship  between  water  and  a  solid  surface 
is  considered  to  be  a  type  of  complex  water-solid  interaction,32  the  mag¬ 
nitude  of  the  water  wettability  of  a  plane  film  surface  can  be  eatimated 
from  the  value  of  the  work  of  adhesion,  (H2O),  which  is  a  generally 
useful  index  of  surface  wetting.  The  value  of  (erg/cm2)  was  calcu¬ 
lated  by  using  the  well-known  classical  expression  originated  by  Young33 
and  Dupre3^, 

WA  (h2°)  "  YLy  (1  +  cos  0)  +  w®, 

where  y ^  (dyne/cm)  is  the  surface  tension  of  water  at  24°C,  Q  is  the 

average  value  of  the  measured  contact  angle  on  the  solid  surface,  and  it® 

is  the  equilibrium  spreading  pressure  of  the  adsorbed  vapor  on  the  solid. 

In  many  approaches  to  the  theory  of  contact  angles,  v*  has  been  assumed 

to  be  approximately  sero33.  Fox  and  Zieman36  showed  that  y  (1  + 

LV 

cos  0)  was  a  good  approximation  for  V*,  the  work  of  adhesion  between 
liquid  and  solids  which  do  not  wet. 
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The  fils  samples,  containing  fillers  with  variou-  S/C  ratios,  that 
were  used  for  contact  angle  and  SEN  measurements  were  exposed  in  hot  water 
for  3  days  at  temperatures  up  to  130°C  and  then  rinsed  several  times  with 
distilled  water  and  dried  in  the  oven  at  70°C  for  24  hr.  Ail  the  measure¬ 
ments  were  made  at  a  temperature  controlled  at  24.0  i  0.1°C,  and  50%  rela¬ 
tive  humidity.  In  measuring  contact  angles,  because  the  angles  on  the  dry 
film  surfaces  gradually  increased  during  the  first  10  to  20  spe,  the 
static  angles  were  recorded  after  the  boundary  of  a  sessile  drop  had  been 
allowed  to  equilibriate  for  30  see  after  deposition. 

A  plot  of  WA  as  a  function  of  S/C  ratio  for  films  exposed  at  tem¬ 
peratures  of  24°,  100°,  and  150°C  (Figure  8)  shows  that  WA  is  affected 
both  by  hydrothermal  temperature  and  by  S/C  ratio.  The  WA  values  for 
all  samples  exposed  at  24°C  were  essentially  constant,  varying  only  from 
83.0  to  83.9  arg/cm?,  showing  that  these  films,  which  have  a  smooth  sur¬ 
face,  have  a  relatively  low  magnitude  of  surface  wettability.  In  con¬ 
trast,  for  the  samples  exposed  in  boiling  water  at  100°C,  the  WA  value 
rose  sharply  at  S/C  ratios  >70/30,  going  up  to  113.6  erg/cm2  for  non- 
cement- containing  control  samples.  This  value  was  31. 3%  higher  than  that 
for  the  sample  with  S/C  70/30  filler,  and  32.9%  higher  than  that  obtained 
from  the  same  film  surface  at  24°C.  The  results  suggest  that  the  Increase 
in  surface  wettability  with  lower  cement  concentration  is  probably  due  to 
an  increase  either  in  the  number  of  hydrophilic  groups  or  in  their  acces¬ 
sibility  to  water.  The  finding  that  WA  at  S/C  30/70  was  almost  the 
same  as  at  S/C  70/30  seems  to  demonstrate  that  the  presence  of  >30% 
cement  by  weight  of  the  total  mix  filler  results  in  a  low  surface 
wettability. 

The  WA  plot  in  Figure  8  for  films  exposed  at  130°C  showed  an  inter¬ 
esting  variation:  the  degree  of  wetting  decreased  sharply  with  increased 
cement  concentration  between  S/C  ratios  of  100/0  and  70/30,  and  then 
Increased  somewhat  with  further  lowering  of  the  S/C  ratio.  The  decrease 
in  wettability  in  the  S/C  range  of  100/0  to  70/30  is  similar  to  the  trend 
seen  with  the  100°C  samples.  The  surface  of  the  control  samples  had  a 
WA  value  of  120  erg/em2,  and  the  lowest  value  (90  erg/cm2)  was  for  the 
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•aspics  with  S/C  70/30  filler.  A  possible  reason  for  the  increased  wet¬ 
tability  of  filas  with  S/C  30/30  (and  lower)  fillers  is  enhaneeaent  of  the 
surface  roughness  by  squeesing  deformation  of  the  filas  resulting  from  the 
increased  concentration  of  hydration  aacroaolecules  in  the  aaorphous  co¬ 
polymer  aatrlx. 

This  can  be  further  clarified  by  studying  the  relationship  between 
cosine  0  and  the  IR  absorbance  ratio  for  the  COO“(Ca)  st  1340  ca"^  fre¬ 
quency  and  the  C-0  groups  at  1710  ca~i.  For  saaples  that  had  been  exposed 
to  hot  water  at  130°C  (Table  1),  the  tendency  for  the  absorbance  ratio  to 
increase  as  the  S/C  ratio  decreases  is  in  agreeaent  with  that  obtained 
from  filas  exposed  at  130°C.  This  inplies  that  the  hydrophilic  earboxy- 
late  groups  formed  by  hydrolysis  of  the  carboxyl  groups  present  in  the 
polymer  aclecules  are  converted  into  hydrophobic  Ca-complexed  salt  for- 
aations  by  ionic  reactions  with  free  Ca7+  ions  released  from  the  eeaent 
grains  in  an  aqueous  medium.  Thus,  reaction  of  the  abundant  Ca  ions 
available  from  larger  asMunta  of  eeaent  is  thought  to  asks  the  polar 
fila  surface  less  hydrophilic  and  no  re  hydrophobic.  On  the  other  hand, 
cosine  0  ceereaaed  as  the  cement  quantity  was  increased  from  S/C  90/10  to 
70/30  and  that,  increased  gradually  with  further  decreases  in  the  S/C  ra¬ 
tio.  In  spite  of  being  hydrophobic,  the  fila  surfaces  aay  have  enhanced 
wettability  between  S/C  30/30  and  30/70  because  of  heightened  surface 
roughness  and  onlargeaent  of  their  alcrocracklng  spaces.  The  latter  re¬ 
sults  from  the  Mgh  internal  stress  concentration  developed  during  growth 
of  large  hydra  v»d  aacrouoleeules,  which  allows  the  transportation  of  more 
water. 

To  support  the  data  on  the  wetting  behavior,  the  surface  free  energy 
for  the  exposed  fila  saaples  was  detsralned  by  aethods  developed  by  Owens 
et  ai.37  and  Rasskin  et  ai.3®  which  are  especially  applicable  to  the  sur¬ 
face  characterisation  of  polymers.  Fila  surfaces  that  have  high  contact 
angles  lack  affinity  for  watar  and  have  a  lowsr  surface  energy.  There¬ 
fore,  surface  energy  is  one  of  the  Important  factors  affecting  water 
permeability. 
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TABLE  1 


Variation  of  Contact  Angl •  and  Abaorbaoca  Ratio  aa  a  Function  of  S/C 
Ratio  for  Saaplaa  Expoaad  at  150°C 


Abaorbanea  ratio. 


S/C 

ratio 

Coa  Q  (Uatar) 

1340  ca“l  of  COO-(Ca) 
1710  enT1  of  C-Q 

90/10 

0.43 

0.043 

80/20 

0.30 

0.081 

70/30 

0.22 

0.104 

30/50 

0.24 

0.136 

30/70 

0.31 

0.142 

la  neasuring  th*  total  solid  eurface  frit  energy  y»*  it  is  assunsd 
that  yt  is  tbs  sua  of  two  components:  tbs  dispersion  foress  yd  and  the 
dipole-hydrogen  bonding  foress  yP.  Th*  gsoastrie  asan  equation,  propos¬ 
ed  as  *  natural  extension  of  th*  Fowkes3*  empirical  foraula  by  Owens  et  1 

el.3*,  was  used  to  estioet*  these  energy  contribution*  for  th*  high 
surface-energy  ays  tees: 

tsl  -  t,°  ♦  tlv  -  -  2^y*p  TLP)  (1) 

where  y^  is  the  interfacial  tension  et  th*  solid-liquid  interface,  yL7 
is  the  surface  tension  of  liquid  on  s  free  surface  energy  ys°  of  the  solid 
while  under  vacuum,  end  Y§d  Yj,d  and  yaP  yj?  refer  to  th*  dispersion 
forces  snd  polar  forces  in  th*  solid  end  th*  liquid.  Generally,  equili¬ 
brium  at  the  solid-liquid  interface  depends  on  the  four  paraneters  governed 
by  the  following  Young's  expression: 

Ylv  cos  0  -  y*°  -  Y^  +  »•  .  (2) 

In  dealing  with  th*  adhesion  of  e  liquid  on  a  perfectly  flat  solid  surface, 
the  free  energy  of  work  of  adhesion  tfg  is  given  by 

Wa  "  tLV  '  eo*  0  )  +  **  •  (3) 

By  essunlng  that  **  ■  0  for  Eqs.  (2)  and  (3),  these  equations  can  be  com¬ 
bined  and  written  aa  follows: 

WA  "  V/  +  y*°  ’  TSL  ’  <4) 

Accordingly,  Eq.  (1)  can  be  reduced  to  the  general  form 

«A  -  *  ^<Y.d  YLd>  +  2  hyj  YLP  >  •  (5) 

In  Eq.  (3),  the  values  of  Y*d  and  yt?,  which  are  needed  to  obtain  th*  total 
solid  surface  energy  y«,  are  unknown.  They  can  be  determined  by  the  meth¬ 
od  of  Owens  et  el3?  by  neasuring  the  contact  angles  with  water  (H2O)  and 
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methylene  Iodide  The  letter  is  used  because  its  molecules  are 

much  larger  than  H2O  and  therefore  eanuot  diffuse  into  the  pores  be 
tween  the  hydrocarbon  chains  in  the  film.  Values  of  for  water  and 
methylene  iodide  were  computed  from  experimentally  measured  contact  angle 
and  surface  tension  values.  Values  for  the  parameters  Yj,d  and  YL^ 
were  obtained  from  data  reported  by  Fowkes^®:  YLd  “  21.8  erg/cm^  and 
Ylp  ■  51.0  erg/ca*  for  water;  YLd  "  4S.5  erg/cm*  and  yl^  “  2.3  erg/cm^ 
for  methylene  iodide. 

Figure  9  shows  ysp,  Ysd»  *nd  y  a  values  plotted  as  a  function  of  S/C 
ratios  for  ccmposlte  films  after  autoclave  exposure  at  100°  and  150°C. 

The  values  for  ysp  at  100°  and  150°C  are  essentially  Independent  of  S/C 
ratio  between  30/70  and  70/30  and  then  increase  with  decreasing  cement 
content.  The  highest  y8p  value  obtained  from  the  non-cement-containing 
control  samples  indicated  that  the  surface  is  composed  of  a  hydrophilic 
monolayer  of  oriented  polar  groups.  Conversely,  the  lower  ysp  values 
correspond  to  a  polar  surface  with  a  lower  hydrophilic  density.  The 
shift  in  y3^  for  the  surfaces  of  samples  autoclaved  at  150°C  Indicated 
a  trend  similar  to  that  for  the  WA  results  discussed  previously. 

Values  for  Yad  were  lowest  at  a  70/30  ratio  and  then  increased 
rapidly  with  a  further  decrease  in  cement  content.  The  changes  in  ya^ 
occurring  between  S/C  ratios  of  70/30  and  30/70  are  considerably  higher 
(48.4%  vs  6.6%  )  than  those  for  Yap.  This  suggests  that  Ysd  fo*  high 
surface-energy  solid  film  surfaces  is  more  likely  to  be  associated  with 
surface  roughness  than  with  the  inclination  to  polarizability  of  mole¬ 
cules.  It  should  also  be  noted  that  over  a  wide  range  of  S/C  ratios,  the 
variation  in  Yad  at  100°C  is  relatively  small.  Thus,  the  use  of  cement  aa 
a  method  for  Increasing  hydrothermal  stability  of  films  seems  to  be  most 
effective  at  ~100°C. 

Since  the  total  surface  free  enegy  ys  is  the  sum  of  the  attraction 
forces  Y*p  and  Ya^»  its  curve  is  similar  to  that  for  ys^*  The  surface 
energies  for  the  control,  from  the  curve  in  Figure  9,  were  53.61  erg/cm2 
at  100°C  and  58.78  erg/cm2  at  150°C,  ~70%  higher  than  those  for  samples 
with  S/C  70/30  filler. 
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Figure  9.  Components  of  surfeee  free  energy  ee  e  function  of  S/C  ratio  for 
saaples  autoclaved  at  130°C  (0)  end  100°C  (•). 
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The  above  results  Indies te  that  the  hydrolysis  of  the  pendent  carbox¬ 
yl  groups  in  the  superficial  layer  of  the  fila  enhances  either  the  nuaber 
or  the  accessibility  of  the  hydrophilic  groups'  foraed  froa  the  functional 
carboxyls te  groups  previously  detected  by  IR.  Furthermore,  the  increased 
roughness  of  the  film  surface  due  to  the  hydrothermal  deterioration  of 
polymer  matrices  and  the  presence  of  extraordinarily  formed  inorganic  mac- 
roaolecules  significantly  increase  water  wettability  and  thus  allow  the 
transportation  of  aore  water. 

Scanning  electron  microscopy  (SEM)  is  the  best  approach  to  character¬ 
izing  the  morphological  features  of  the  material  surfaces.  The  micro¬ 
structure  and  morphology  of  the  composite  film  surfaces,  before  and  after 
exposure  to  hot  water  at  150°C  for  3  days,  were  studied  by  this  tech¬ 
nique.  Figure  10  (X  204)  shows  a  surface  of  an  unexposed  bulk  copolymer 
film  without  any  fillers.  Its  surface  morphology  is  smooth,  and  evidence 
is  lacking  as  to  whether  the  aieroeracking  in  the  middle  la  caused  by 
shrinkage  of  the  copolyaer  or  by  deposition  of  gold  film  on  its  surface. 
Exposure  to  hot  water  caused  dramatic  changes  (Figure  11).  The  polymer 
molecules  were  strongly  agglomerated  by  entanglement  of  the  chain  caused 
by  severe  hydrothermal  deterioration,  resulting  in  increased  surface 
roughness.  The  agglomerate  particles  consist  of  approximately  spheroidal 
and  spherical  granules  of  -<40  ua  disaster.  Since  the  aaount  of  coalescent 
polymer  aggregation  is  thought  to  increase  progressively  with  extended 
exposure  time,  some  of  the  agglomerate  particles  may  be  naturally  removed 
from  the  material  surfaces,  which  would  reduce  the  weight  of  the  films. 

An  exposed  copolymer  fila  with  silica  flour  filler  (Figure  12)  had  a 
heterogeneous  solid  surface  exhibiting  different  areas  with  largely  ag¬ 
glomerated  polymer  spheroids  (A)  and  sharply  protruding  silica  surfaces 
(B).  The  agglomerate  particles  appear  very  similar  to  those  observed  on 
the  surface  of  the  exposed  homogeneous  polymer.  The  roughnoss  of  this 
fila  surface  indicates  that  the  continuous  copolymer  layer  formerly  coat¬ 
ing  the  surface  of  the  silica  grains  was  removed  during  the  autoclave  ex¬ 
posure.  This  surface  texture  results  in  Increased  surface  free  energies, 
weight  loss,  and  water  wettability.  Figures  13  and  14  show  the  surface 
textures  of  films  with  S/C  80/20  filler  before  and  after  exposure  in 
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Figure  11.  Micrograph  of  copolymer  granule  agglomerated  during  exposure  for  3  days  to  water  at  150°C. 
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Figure  12.  Rough  surface  of  copolymer  film  with  silica  flour  filler  after  exposure  to  hot  water 


Figure  13.  Surface  of  copolymer  film  with  S/C  80/20  filler 


Che  autoclave.  The  former  is  characterized  by  a  continuous  layer  of  copo¬ 
lymer  coating  the  su./ace  of  the  original  cement  and  silica  flour  grains. 
The  anhydrous  cement  grains  cannot  be  distinguished  by  their  appearance. 
After  exposure,  some  small  pits  were  detectable,  but  in  general  the  sur¬ 
face  was  ouch  smoother  than  that  of  the  exposed  film  with  silica  filler. 
This  morphology  verifies  that  the  hydraulic  cement  prevents  severe  deteri¬ 
oration  of  the  polymer  by  the  attack  of  hot  water.  Although  at  low  magni¬ 
fication  the  surface  appeared  smooth,  enlargement  to  X  S000  disclosed  that 
a  number  of  knobs  had  developed  on  the  surface  (Figure  15).  This  may  have 
been  caused  by  the  internal  stress  associated  with  the  hybrid  compounds 
of  superficially  formed  Ca-complexed  ionomer  and  hydrated  cement  macro¬ 
molecules.  The  improvement  of  the  hydrothermal  stability  of  copolymer 
matrices  by  cement  additives  is  apparent  from  the  micros true ture  of  film 
containing  a  large  amount  of  cement.  At  a  low  magnification  (X  43)  the 
surface  texture  of  a  film  with  S/C  30/70  filler  after  autoclave  exposure 
(Figure  16)  shows  numerous  small  cracks,  in  contrast  to  the  agglomerated 
copolymers  and  silica  particles  seen  on  the  films  with  silica  filler 
(Figure  12).  Formation  of  the  Ca-complexed  ionomer,  which  would  be  ex¬ 
pected  to  be  stable  at  ~150°C,  is  though  to  have  prevented  agglomeration 
of  the  copolymer.  The  cracking  may  be  due  to  shrinkage  of  the  hydrated 
cement  macroraolecules.  This  suggests  that  the  superfluous  cement  contri¬ 
butes  to  surface  roughness  and  thus  Increases  surface  free  energy  and  wet¬ 
tability.  Two  different  phases  are  seen  in  Figure  16,  circular  depression 
portions  (C)  and  rough  areas  (D).  The  former  are  probably  representative 
of  the  fresh  composite  surfaces  disclosed  by  removing  parts  of  a  super¬ 
ficial  layer  of  the  Ca-complexed  ionomer  combined  with  the  cement 
macromolecules. 

Detailed  examination  of  the  superficially  formed  complex  layers  was 
accomplished  by  transmission  electron  microscopy  (TEM).  This  analysis 
waa  helpful  in  the  identification  of  the  hydrated  Ca0-Si(>2  compounds. 

As  illustrated  in  Figure  17,  the  image  shows  a  fibrous  structure  that  at 
higher  magnif lcation  appears  to  be  composed  of  dense  masses  of  crystal¬ 
line  needles.  The  presence  of  both  calcium  and  silica  in  this  layer  was 
confirmed  by  energy  dispersive  X-ray  fluorescence  (EDX)  attached  to  the 
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SEM.  In  a  further  attempt  to  identify  the  hydrated  eoapouoda  forming  the 
fiber-like  structures.  X-ray  powder  diffraction  analysis  was  performed. 
Consequently,  the  crystallized  hydration  coapounds  were  identified  froa 
the  broad  peak  at  3.03  £  to  be  calcium  silicate  hydrate  (C-S-H).  These 
fiber  crystals  which  protrude  froa  the  ionoaer  surface  as  if  froa  an 
arable  land,  are  likely  to  function  as  a  mechanical  reinforcement  for  the 
ionoaer  aatrlx  layers. 

Accordingly,  the  ternary  crystalline  fiber  formed  after  exposure  for 
3  days  to  water  at  130°C  aust  be  regarded  as  a  moderately  crystallized 
C-S-H  compound  formed  during  setting  of  the  eeaent.  The  amount  of  C-S-H 
formations  growing  outward  froa  eeaent  grains  Increases  with  exposure 
tlae,  and  such  growth  nay  fill  the  spaces  between  the  original  cement 
grains  and  between  the  eeaent  grains  and  the  eoaplexed  lonoaers.  Fur¬ 
thermore,  the  orientation  of  the  elosely  packed  gel  structure  aay  lead 
to  the  formation  of  the  interconnecting  cross-links  between  their  sur¬ 
faces,  cementing  the  whole  aass  together.  This  seeas  to  verify  that  the 
superficially  formed  inorganic  aaeroaoleeule-eoaplexed  icnoaer  layers  con¬ 
tribute  significantly  to  the  hydrothermal  stability  of  the  fila. 

3.  Electrode  Potential  of  Coated  Metal  Plates 

Water  permeation  is  one  of  the  aoat  important  properties  of  filas 
designed  for  protective  eoeting  applications.  To  estiaate  the  water 
transport  through  the  paint  coatings,  electrode  potential  aeasureaents 
of  coated  metal  plates  were  aade  after  exposure  for  up  to  23  days  in  an 
autoclave  at  130°C.  Saaples  in  this  test  series  contained  fillers  with 
S/C  ratios  of  100/0  and  70/30,  and  the  thickness  of  the  coatings  was  10 
and  23  mil. 

Test  results  from  these  saaples  are  given  in  Figure  13.  Although  the 
current  flow  through  the  coatings  depends  primarily  on  the  fila  thickness 
and  the  exposure  period,  it  is  evident  froa  the  figure  that  the  coatings 
with  S/C  70/30  filler  had  a  fsr  lover  current  than  those  for  the  silica 
copolymer  coatings.  The  eurrant  flow  through  the  10  mil  coating  with 
S/C  70/30  was  0.42  aA  after  exposure  for  23  days.  This  value  is  *-fl0Z 
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EXPOSURE  PERIOD  (days) 

Current-exDosure  time  curves  for  metal  olates  nalnted 


less  than  that  for  the  S/C  100/0  sample  after  the  ease  exposure  time. 

This  seems  to  support  the  theory  that  the  superficially  formed  Ca0-S102~ 
H2O  aaeroaoleeule-lon  cnmplexed  copolymer  layers  are  probably  responsible 
for  minimizing  the  permeability  of  the  polymeric  composite  coatings  to 
water. 

From  studies  of  the  dipole-hydrogen  bonding  forces,  dispersion 
forces,  surface  free  energies,  surface  morphological  features,  and  elec¬ 
trode  potential  changes  discussed  above,  it  is  believed  that  the  low  water 
permeability  of  the  exposed  coatings  is  directly  related  to  lower  hydro- 
pliilicity,  low-energy  surface,  and  reduced  surface  roughness. 

6.  Conclusions 

In  studying  the  physico-chemical  factors  affecting  the  hydrothermal 
stability  of  hydrated  inorganic  macromolecula-ionomer  composite  materials 
for  utilization  as  protective  coatings  on  metals,  the  following  generali¬ 
zations  can  be  conclusively  drawn  from  the  results  described  above.  In 
the  formation  of  the  ionomer,  the  quantity  of  COO“(Ca2+)  groups  produced 
by  ionic  reactions  occurring  between  the  carboxylate  anions  and  the  nucle¬ 
ophilic  Ca2+  ions  during  exposure  to  hot  water  Increases  with  increasing 
hydrothermal  temperatures  and  higher  concentrations  of  the  cement  used  as 
a  source  of  divalent  metallic  cations.  Evidently,  the  conformation  of  a 
Ca  salt  bridge  not  only  acts  to  inhibit  the  scission  of  the  polymer  chains 
due  to  hydrolysis  of  the  pendent  groups,  but  also  contributes  significant¬ 
ly  to  the  thermal  stability  of  ionomer  matrices  near  300°C.  This  was 
indicated  by  TGA  and  DTA  evaluations.  SEN  and  TEN  examinations  of  the 
morphology  Indicated  that  the  ionomer  composites  combined  with  the  hybrid 
macromolecules  to  form  very  thin  superficial  layers  on  the  films.  The 
major  hydration  macromolecules  of  cement  formed  during  the  3  day  exposure 
in  the  autoclave  at  130°C  were  identified  to  be  the  C-S-H  compounds 
moderately  crystallized  on  the  outward  cement  grains.  Those  are  primarily 
responsible  for  the  mechanical  enhancement  since  they  act  as  a  reinforce¬ 
ment  for  the  protective  ionomer  layers. 
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One*  th«s«  component*  b*com*  th*  constituent*  of  «  fila,  th*  film 
acquires  some  very  Interesting  characteristics.  One  of  inherent  proper¬ 
ties  is  that  the  glass  transition  temperature,  Tg,  tends  to  increase  with 
increasing  cement  concentration.  This  affects  the  chain  stiffness  of  the  o 

polymer  molecules.  A  maximum  Tg  of  63.5°C  was  attained  when  50  parts 
silica  flour  and  50  parts  cement  were  used,  and  th*  addition  of  more 
cement  decreased  th*  Tg.  Trends  similar  to  those  for  th*  Tg  were  seen 
in  the  aeasurements  of  tensile  strength  of  th*  films. 

Analysis  of  th*  above  data  indicates  that  Interactions  at  the  inter¬ 
face  between  the  configurated  hydration  macroaolecules  and  the  ionomer 
chains  not  only  result  in  strong  agglomeration  and  chain  entanglement, 
but  also  are  likely  to  contribute  to  incremental  interfacial  stresses 
which  lead  to  chain  enlargement  occurring  along  with  th*  growth  of 
macromolecuie* . 

Another  characteristic  observed  is  that  th*  Ca-complexed  ionomer 
films  have  a  lower  water  permeebillty  than  th*  exposed  films  having  silica 
flour  filler  without  cement.  A  poeslbl*  reason  for  this  is  as  follows: 

Th*  copolymer  films  with  silica  flour  filler,  after  exposure  to  hot  water, 
contain  a  larger  number  of  hydrophilic  earboxylat*  groups  yielded  by 
hydrolyale  of  the  functional  earboxyl  groups  in  th*  polymer  molecule. 

Contact  angle  meesurements  indicated  a  high  surface  free  energy,  Ys,  >50 
wrg/cm*.  in  contract,  th*  complex  ionomer  films  containing  the  Ca  salt 
formation  coordinated  with  6  H2O  ligands  are  nor*  hydrophobic.  Thus,  the 
total  surface  free  energy  for  th*  films  with  S/C  70/30  filler  after  expo¬ 
sure  to  water  at  150°C,  was  calculated  to  be  ~34  erg/cm^,  ~42Z  lower  than 
that  for  film*  with  S/C  100/0  filler.  Conversely,  th*  production  of  ex¬ 
cessive  cement  macromolecules  results  in  an  Increase  in  surface  energy. 

This  is  connected  with  changes  in  surface  roughnese  due  to  th*  squeesing 
deformation  of  th*  fila.  Th*  results  suggest  that  th*  lew  water  perme¬ 
ability  of  th*  exposed  films  is  directly  related  to  lower  hydrophilicity, 
low-energy  surface,  and  reduced  surface  roughness. 
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HI.  NATURE  OF  INTERFACIAL  INTERACTIONS  BETWEEN  POLYMER  AND 

PHOSPHATE-TREATED  METAL  SURFACES 

Sine*  one  of  the  mein  factors  affecting  the  durability  of  protective 
coatings  is  the  adhesion  force  to  metal  substrates,  it  is  re ry  important 
to  better  understand  the  nature  and  role  of  adhesion  mechanisms  and  how 
they  affect  the  Icterfacial  attractions  between  functional  polymers  and 
metal  surfaces. 

Generally,  good  bonding  can  be  attributed  to  the  following  four 
elements:  (1)  mechanical  interlocking  associated  with  the  surface  topo¬ 

graphy  of  metals,  (2)  surface  wettability  of  metal  by  the  polymers,  (3) 
strong  chemisorption,  and  (4)  type  and  degree  of  polymer-metal  interfaeial 
interaction.  Two  functional  polymer  systems,  polyacrylic  acid  and  levu- 
linic  acid-modified  furan,  were  emphasized  to  obtain  the  above  informa¬ 
tion.  On  the  other  hand,  modifications  to  the  metal  surfaces  are  very 
important  to  successful  bonding.  Therefore,  two  types  of  chemically  oxi¬ 
dized  metal  surfaces  were  evaluated  In  this  study:  (1)  iron  phosphating 
crystalline  and  (2)  zinc  phosphating  crystalline  layers. 

A.  Materials 

Commercial  polyacrylic  acid  (PAA) ,  45%  solution  in  water,  having  an 
average  molecular  weight  of  104,000,  was  supplied  by  Scientific  Polymer 
Products,  Inc.  The  pendent  carboxylic  acid  (COOH)  groups  on  the  macro¬ 
molecules  were  partially  neutralized  by  adding  the  calculated  amount  of 
sodium  hydroxide  (NaOH).  The  degrees  of  neutralization  used  were  0,  20, 
40,  60,  and  80%. 

Commercial-grade  furan  (FR)  1001  resin  having  a  viscosity  of  470  cP 
and  a  specific  gravity  of  1.22  at  24°C  was  supplied  by  the  Quaker  Oats 
Company.  The  condensation- type  polymerization  of  the  FR  resin  was  Initi¬ 
ated  by  the  use  of  4  wt%  Qua  Corr  2001  catalyst,  which  is  an  aromatic  acid 
derivative.  The  gel  time  for  a  200  g  resin  sample  containing  the  initi¬ 
ator  was  -15  min  at  24°C.  Commercial  analytical-grade  levulinic  acid  re¬ 
agent  (LA),  CH3COCH2CH2COOH,  was  employed  to  assemble  the  more  reactive  FR 
macromolecules. 


-49- 


The  huI  used  io  the  experiments  was  nonresulfurlsed  aild  carbon 
steal  eonaiatlng  of  0.18  to  0.23Z  carbon,  0.3  to  0.6Z  Maganas#,  0.1  to 
0.2Z  silicon,  and  <0.04Z  phosphorous.  To  deposit  iron  phosphate  and  zinc 
phosphate  crystalline  films  onto  metal  substrata  surfaces,  the  metal  sur¬ 
faces  were  polished  with  ultraflne  emery  paper  and  then  chemically  treated 
in  an  oven  at  80°C  for  up  to  24  hr.  In  the  iron  phosphate  experlMnts, 
the  polished  Mtal  surface  was  immersed  in  a  dilate  (pH  *>2.3)  solution  of 
phosphoric  acid  (H3PO4).  The  sine  phosphate  was  deposited  by  immersing 
the  Mtal  in  an  acidic  solution  eoMlstlng  of  9  parts  sine  ortho  phosphate 
dihydrate  [Zn3(P04)2.2H20]  and  91  parts  15Z  H3PO4  solution.  The  pH  of 
this  solution  was  ~2.0.  After  depositing  the  oxide  film,  the  Mtal  sub¬ 
strates  were  dried  in  an  oven  at  130°C  for  -3  hr  to  remove  any  moisture 
from  the  film  surfaces. 

B .  HeasureMnts 

The  surface  topography  and  morphology  for  the  chemically  treated  Mtal 
adherenda  were  aMlysed  by  AMR  100  t  scanning  electron  microscopy  (SEN) 
associated  with  TB-2000  energy  dispersive  x-ray  fluorescence  (EDX). 

A  Perkln-Eleer  Model  257  SpectroMter  was  used  for  Infrared  spectro¬ 
scopic  (IR)  analysis.  To  obtain  the  basic  infonutlon  regarding  the 
interfaclal  reaction  mechanisms,  IR  spectra  ware  obtained  for  the  samples 
prepared  in  the  form  of  KBr  discs.  The  samples  were  powdered  before  mix¬ 
ing  and  grinding  with  KBr. 

The  Mgnltude  of  the  wetting  force  of  the  oxidized  metal  surfaces  by 
modified  and  Mutrallsed  liquid  resins  was  Mssured  using  a  Contact  Angle 
Analyser  in  a  60Z  R.H.  and  24°C  environment.  All  of  the  data  were  deter¬ 
mined  within  30  see  after  drop  application. 

X>  ray  powder  diffraction  (XRD)  analyses  were  employed  to  Identify  the 
oxide  compound  layers  deposited  on  the  treated  Mtal  surface.  To  prepare 
the  fine  powder  camples,  the  deposited  oxide  layers  were  removed  by  scrap¬ 
ing  the  surfaces  and  were  then  ground  to  a  size  of  *~325  mesh  (0.044  mm). 
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Tne  Up>ih<«r  tensile  strength  of  aetal-to-metal  ad  he  a  ires  was  deter¬ 
mined  In  sccordsncs  with  the  modified  ASTM  method  D-1002.  Prior  to  over¬ 
lapping  between  aetal  strips  SO  am  long,  15  an  wide,  and  2  an  thick,  the 
10  x  15  as  lap  area  was  coated  with  the  neutralized  polyelsc trolyte  macro- 
molecular  adhesives.  The  thickness  of  the  overlapped  film  ranged  from  1 
to  3  mil.  The  bond  strength  values  for  the  lap  shear  specimens  are  the 
maximum  load  at  failure  divided  by  the  total  bonding  area  of  150  mm^. 

C.  Surface  Topography  of  Steel  Prepared  by  Phosphatlng  Solutions 

Since  the  nature  of  the  surface  aicromorphology4^*^^  and  the 
thickness^ *****  of  the  deposited  oxide  layers  relate  directly  to  the 
bonding  forces  at  the  interface,  two  different  oxide  film  surfaces  were 
exaained  by  SEN  and  EDX.  As  illustrated  in  Figures  19  and  20,  the  micro- 
morphology  and  topography  yielded  by  these  two  surface  preparations  ap¬ 
peared  to  be  very  different.  The  topographical  image  of  the  HjPO^treated 
surface  (see  Figure  19)  seems  to  consist  of  two  discrinlnable  layers.  An¬ 
alyses  of  EDX  peaks  indicated  that  one  of  the  layers  consisted  of  irreg¬ 
ularly  deposited  iron  phosphate  crystals  and  the  other  of  iron  oxide.  The 
former  was  composed  of  crystals  characterised  by  circular  radiating  and 
thin  plate-like  features.  On  the  basis  of  the  strong  spacing  at  3.28  and 
3.60  X  on  XRD  patterns  in  the  diffraction  range  8.84  to  1.54  X,  the  crys¬ 
tallized  compound  layer  was  identified  as  iron  (III)  ortho  phosphate 
dihydrate  (FaP04.2H20) .  This  vas  also  confirmed  by  IR  spectra  analysis 
which  will  be  discussed  in  later  sections  of  the  report.  From  SEM  obser¬ 
vations,  it  appears  that  the  concentration  of  the  crystal  clusters  of 
FeP04.2H20  cover  ~70X  of  the  treated  aetal  surface.  Therefore,  the  H3PO4- 
treated  surface  appears  to  consist  of  a  hybrid  layer  of  FeP04-Fe203-H20 
absorbed  on  porous  Fe  oxide. 

Figure  20  shove  large  lamellate  block  crystal  growths  of  zinc  phos¬ 
phate  hydrate  compound  layers  arrayed  uniformly  on  all  surfaces  of  the 
modified  aetal  sites.  The  XRD  patterns  for  these  crystalline  powder 
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5EM  photomicrograph  and  EDX  diffraction  peak  of  a  lamellate  block-like  hopeit 
crystal  prepared  on  metal. 


staples  disclosed  e  strong  peek  Intensity  et  4.57  end  2.83  X.  Accord¬ 
ingly,  the  highly  crystellised  leyers  indicated  the  formetion  of  hopeite, 
Zn3(P04>2 .  4H20.  As  seen  in  the  figure,  the  mein  micros true ture  feetures 
of  deposited  hopeite  films,  compered  with  those  for  iron  phosphate  films, 
ere  extreme  roughness,  greeter  crystel  thickness,  and  e  more  open  surface 
structure.  Because  of  these  topographical  feetures,  it  is  expected  that 
the  regularly  interlocked  hopeite  crystals  will  provide  a  larger  surface 
area  for  bonding  and  give  sufficient  mechanical  interlocking  with  adhe¬ 
sives.  Also,  penetration  of  adhesives  into  the  pores  on  the  open  surface 
microstructure  will  help  to  enhance  the  bond  at  the  poiymer-hopeite  inter¬ 
faces.  In  addition  to  the  information  obtained  from  XRD,  it  appears  from 
EDX  peaks  that  some  xlnc  is  likely  to  be  replaced  by  ferrous  Ions.  By 
comparing  the  microstructure  and  surface  topography  of  these  two  different 
hydrated  oxide  layers,  work  was  initiated  to  define  the  aieromorpbological 
features  that  contribute  to  the  adhesion  behavior  at  the  polyelectrolyte 
aacroaoleeule-oxidlsed  metal  Interfaces. 

D.  Polyacrylic  Aeid/Treated  Metal  Interface 

1.  Vetting  Behavior 

The  wettability  and  the  adsorption  behavior  of  polyol ectrolyte  macro- 
molecules  on  oxide  layers  were  Investigated  on  the  basis  of  contact  angle 
measurements  made  30  sec  after  deposition  on  the  test  surfaces.  For  this 
work,  a  10%  PAA  solution  was  prepared  by  diluting  45%  PAA  with  distilled 
water.  The  primary  purpose  of  this  study  was  to  evaluate  quantitatively 
the  degree  of  Interfacial  Interactions  of  the  functional  COOH  groups  and 
to  assess  the  correlations  that  may  exist  between  the  surface  morpholog¬ 
ical  featurea  of  oxide  films  and  the  dispersion  forces  of  polyelectrolyte 
macroaolecules.  Both  the  conformation  and  orientation  of  the  pendent 
polar  groups  in  polyaeid  macroaolecules  will  contribute  to  the  magnitude 
of  surface  wettability  and  spreadabillty  onto  the  oxide  films.  Thus, 
in  order  to  describe  how  the  regularly  oriented  macronolecule  affects 
the  dispersion  function  and  efficiency,  the  pendent  COOH  groups  were  neu¬ 
tralised  by  adding  NaOH.  The  changes  in  conformation  of  PAA  molecules 


neutralized  in  the  range  of  0  to  30%  were  apparently  verified  by  the  shift 
in  IR  spectra  for  these  samples,  as  shown  in  Figure  21.  The  most 
pronounced  changes  in  these  frequencies  were  an  increase  in  the  peak 
intensity  of  two  new  bands  at  1550  and  1400  cm"*  with  an  increase  in  the 
decree  of  neutralization.  In  addition,  the  carbonyl  OO  group  frequency 
at  1710  cm"*  tends  to  shorten  with  increased  degrees  of  neutralization. 

The  absorption  bands  at  1550  and  1400  cm"*  can  be  assigned  to  the 
asymmetrical  and  symmetrical  stretching  vibrations  of  carboxylic  anions, 
COO*.  The  spectra  from  the  80%  neutralization  sample  indicates  the  almost 
complete  disappearance  of  the  conventional  band  at  1710  era**.  These 
results  clearly  demonstrate  that  salt  complex  formations  having  COO*  Ha^* 
groups  were  yielded  by  the  acid-base  reaction  between  the  carboxylate 
anions  formed  by  proton  donor  characteristics  of  the  arrayed  carboxylic 
acid  groups  and  the  active  neucleophille  Na+  ions  dissociated  from  NaOH  in 
the  PAA  solutions.  These  conformational  changes  contribute  to  the 
subsequent  entanglement  and  coiling  of  the  maeromolecules.  Since  the 
extent  of  the  Intermolecule  entanglement  increases  with  the  degree  of 
neutralization,  the  loss  of  functional  groups  at  available  adsorption 
sites  in  the  molecular  chains  may  result  in  decreased  dispersion  and 
wettability  forces  on  oxide  surfaces  by  PAA  polymers. 

The  improved  wettability  of  metals  by  the  macromolecules  is  attri¬ 
buted  not  only  to  interfacial  interactions  between  the  polar  groups  in 
the  polymer  and  the  oxide  layers,  but  also  to  the  enhanced  activation  of 
modified  metal  surface  sites  at  which  the  energetics  of  adsorption  are 
particularly  favorable.  The  contact  angles  on  the  metal  surface  were 
measured  as  a  function  of  the  age  of  the  chemical  treatment.  PAA  solu¬ 
tions  with  0,  20  and  40%  neutralization  were  employed  in  this  test  series. 
The  data,  shown  in  Figure  22,  indicate  that  the  contact  angles  for  both 
the  H3PO4-  and  Zn3(P04)2»AH20-treated  surfaces  tend  to  decrease  with  in¬ 
creasing  treatment  times.  When  a  non-neutralized  PAA  solution  was  used, 
the  contact  angles  after  a  24-hr  surface  treatment  were  reduced  by  ~63% 
and  ~81%  for  the  H3PO4-  and  Zn3(P04)2.4H20-modif led  surface  layers,  res¬ 
pectively,  when  compared  with  those  from  polished  surfaces.  Although  the 
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Figure  21.  Infrared  spectra  of  PAA  polymers  neutralised  by  NaOH)  (a)  0%, 
(b)  20%,  (e)  40%,  (d)  60%,  and  (e)  80%  neutralisation. 
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CHEMICAL  TREATMENT  TIME  (hr) 

Changes  in  contact  angle  of  oxide  layer,  by  non-  and 
neutralized  PAA  aa  a  function  of  the  age  cf  chemical 
treatment;  (o)  OX,  (e)  20X,  and  (A)  40X  neutralization. 


contact  angle •  vara  aaaaurad  using  a  neutralised  PAA,  the  aagnituda  of  the 
angle  reduction  for  the  ZnjCPOg^^O  layers  la  considerably  higher  than 
that  for  HjPO^ treated  layers  at  the  sane  age.  This  indicates  that  the 
open  surface  aierostructure  of  hopeite  crystals  la  easier  to  vet.  The 
data  further  indicate  that  an  increased  degree  of  neutral last ion  results 
in  an  Increase  la  the  contact  angle.  Proa  these  observations.  It  can  be 
concluded  that  the  algratlon  of  collectively  entangled  aacromolecules 
leads  to  a  decrease  in  the  aagnltada  of  the  spreading  and  capillary 
forces,  the  aagnituda  of  the  interfacial  vetting  force  la  priaarlly  de¬ 
pendent  on  the  conformation  changes  in  adhesive  molecules  and  the  surface 
topography  of  the  deposited  oxide  files,  and  the  presence  of  highly  crys¬ 
tallised  hopeite  layers  vhieh  have  an  open  surface  aierostructure  in¬ 
creases  the  vettabillty  and  despersion  of  polyelectrolyte  nacroaolecules. 

2.  Chemisorption 

The  purpose  of  the  chemical  treatment  is  not  only  to  Increase  the 
roughness  of  the  aetal  surface,  thereby  enhancing  aechanlcal  Interlocking 
bonds,  but  also  to  modify  the  surface  chemical  coapoeitlon.  Thus,  it  vas 
considered  that  the  locrease  la  vettabillty  discuased  above  aay  also  have 
been  due  to  Interfacial  Interactions  and  conformation  changes  Induced  by 
cheaical  reactions  betveen  the  functional  COOH  groups  and  the  oxidised 
aetal  layers.  To  elucidate  the  nature  of  the  Interfacial  cheaical  reac¬ 
tion  aechanlsaa,  these  oxide  layers  vers  removed  by  scraping  the  natal 
surfaces,  and  the  reswved  oxide  aetal  povders  vere  then  ground  to  a  else 
of  *“323  aesh  <0.044  an).  Saaples  vere  prepared  by  mixing  PAA  polymers 
vlth  the  finely  povdered  exide  compounds  and  subsequently  curing  them  In 
an  oven  at  70°C  for  10  hr. 

Figure  23  shovs  IR  spectra  for  iron  phosphate  compounds,  bulk  PAA 
polymers,  and  iron  phosphate-PAA  composites.  IR  analysis  shoved  conspicu¬ 
ous  bands  at  frequencies  of  3400  and  1030  em'l  in  the  spectra  for  the  iron 
phosphating  powder.  These  indicate  the  formation  of  iron  (III)  orthophos¬ 
phate.  The  broad  band  near  3400  cn“l  can  be  ascribed  to  the  vibration  of 
the  bonded  hydroxyl  (OH)  groups  of  the  hydrated  oxide  filas,  while  the 
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Figura  23.  IK  apactra  of  Iron  phoaphata/PAA  coapoaita  aaaplaa;  ( - )  iron  phoaphata  hydra ta 

coapounda,  (----)  bulk  PAA  polyaara,  and  ( - )  PAA  coapoaitaa  containing 

hydrated  iron  phoaphata  powdar. 


» 

I 

* 

* 

V  '  at  1030  ca"!  as y  b«  due  to  tha  rlbratloo  of  P04-*  in  PaP04.2H20  coo- 

'  « 

|  pound  foraatlona.  Although  frequencies  below  600  ca“4  are  not  shown  In 

tha  figure,  tha  presence  of  divalent  Fa  ions  was  confirmed  by  two  adsorp¬ 
tion  bands  at  '•570  and  373  ca~l. 

The  bulk  PAA  polymer  saaples  exhibited  aajor  IR  bands  at  frequencies 
|  of  3400,  1710,  1430,  1380,  and  1160  ca*1.  Tha  band  around  3400  ea~l  la 

characteristic  of  0-H  stretching.  Tha  ad sor hence  of  carboxyl  (OO)  groups 
is  represented  by  the  intense  peak  at  1710  ca“*,  and  the  bands  at  1430  and 
1380  ca“l  are  associated  with  the  diaeric  OH  in-plane  bending  coupled  with 
jt  C-0  stretching,  and  the  vibration  of  aethyl  groups,  respectively.  The 

band  at  1160  ca”*  may  be  assigned  to  the  0-H  in- plana  deformation  aode. 

When  coapared  with  the  above  two  spectra,  the  spectrua  for  the  iron 
^  phospha te-PAA  composite  saaples  was  characterised  by  the  pronounced  pre¬ 

sence  of  two  new  bends  at  1330  and  1398  ea~l  and  a  shorter  bend  intensity 
for  C-O  groups  at  1710  cm"l .  Since  these  naw  peaks  are  attributed  to  the 
asymaa trlcal  and  s yams tr leal  vibrations  characteristic  of  car boxy late 
|  anion  (COO~)  groups,  it  is  presuaMd  that  Interfacial  interaction  between 

the  COOH  groups  and  the  hydrated  oxide  layers  la  due  to  the  following  two 
hypothetical  aechanlsas: 

Type  A:  Acid-Base  Surface  Interaction  Mechanisas 

I 
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Type  B:  Salt-Bridge  Interaoleeular  Reaction  Mechanisms  by  Free  Ferroua 
Iona 


TirriwTMMWJi 


Type  A  conaista  of  a  strong  ionic  interaction  aaaociated  with  charge 
tranafer  bonding  mechanisms  which  predominate  over  weaker  dipole  lnterac- 
tiona.  Thus,  it  la  believed  that  the  carboxyl* te  anion  (COO")  produced  by 
acid-base  surface  interactions  occurring  between  the  functional  carboxylic 
acid  (COOH)  groups  and  the  polar  hydroxyl  (OH)  groups  on  hydrated  oxide 
surface  sites  are  strongly  cheaisorbed  to  oxidized  aetal  surfaces.  This 
significantly  enhance*  the  wettability  and  the  bonding  properties. 

As  an  alternative  possibility,  Mechanise  B  la  the  salt  bridge  foma- 
tion  brought  about  by  ionic  hooding  between  the  free  r«^+  ions  existing  on 
the  oxide  surface  sites  sad  the  COO*  anions.  This  forest Ion  leads  to  a 
substantial  increase  in  the  coll-up  and  the  antangleeant  intermacromoie- 
cule  density.  The  entangled  nolecules  at  the  interface  result  in  a  de¬ 
crease  In  the  polyeer  adsorption  values  to  aetal  surfaces.  Accordingly, 
this  spherical  aolecule  phenomenon  contributes  to  the  formation  of  a  weak 
boundary  layer  under  the  surface  due  to  insufficient  polyeer  filling  of 
the  cavities  in  the  oxide  file  layers.  However,  the  rate  of  the  formation 
of  the  Ionic  Interaction  regions  and  the  density  of  entanglement  macromol- 
ecules  at  Interfaces  are  not  evident  from  the  Halted  data.  Nevertheless, 
there  Is  no  doubt  that,  when  the  reactive  surface  oxide  layer  chemically 
Interacts  with  the  orientated  COOH  groups  to  form  me  tal -oxygen- polymer 
Interfacial  complex  bonds,  the  yielded  ionic  bonds  contribute  particularly 
to  an  Increase  in  adhesion. 
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IR  spectra  for  tho  PAA-Zu3(PO4)2*4H20  coaposite  ays teas  art  gins 
la  Plgure  24.  Tha  vibrational  frequency  la  laart  hopalta  powder  la  repre- 
saatad  by  tha  aarkad  paaka  at  3360,  3400,  1630,  1110,  1010,  aad  930  ca-*-. 
Tha  baada  at  3360  aad  1630  ca-2  ara  assigned  to  tha  coordlnatad  water  ex- 
praaaad  la  teraa  of  tha  hydration  water.  Tha  latter  bead  la  particular 
eaa  be  taken  aa  another  lnportant  naans  of  identifying  water  of  c ry at*  1  Il¬ 
lation.  Tha  3400  ea"2  band  la  conalatant  with  tha  hydroxyl  stretching 
vibration  of  hydrated  Inorganic  coapounds.  Aa  absorption  band  In  tha  re¬ 
gion  1100  to  1000  ca“2  ca«  be  axplaiaad  by  aaaanlng  tha  praaanca  of  tetra¬ 
hedral  phoaphata  Iona  auch  aa  PO^”,  HPO42',  aad  H2PO4*  In  tha  hydrated 
sine  phoaphata  coapounds.  Since  tha  P-O-(natal)  linkage  appaara  to  have 
tha  atratchlng  fraquaociaa  for  a  P-0  bond  and  an  O-(aetal)  bond  la  tha 
frequency  range  1033  to  930  ca“ ^ ,  tha  two  baada  at  1010  and  930  ca"2  ara 
likely  to  rapraaant  tha  atratchlng  vibration  of  tha  P-O-(Zn)  bond. 

Tha  spectrua  for  tha  PAA/hopalta  coapoaite  aaaplaa  lndlcataa  a  new 
ahoulder  band  at  1330  ea*2,  whan  coaparad  with  thoae  for  tha  hopalta  and 
bulk  PAA  aaaplaa.  Tha  band  at  a  frequency  of  1330  ca-*  corraaponda  to  an 
aayaaetric  atratchlng  vibration  of  COO-  gronpa  in  accordance  with  Type  A 
Interaction  aachanlaaa.  Aa  indicated  by  earlier  S EM-  and  SOX  atudiea, 
vary  little.  If  any,  free  ferroua  Iona  axlat  on  the  oxide  fila  aurfacoa. 
Tha  preaaeca  of  free  sine  Iona  would  alao  act  to  Inhibit  tha  apreadlng 
forcea  of  tha  oxide  fllaa  by  PAA  polyaer,  thereby  reaultlng  In  tha  entan- 
glaaant  of  aacroaoleculea.  However,  tha  concentration  of  tha  free  sine 
Iona  adaorbad  onto  tha  hopalta  aurface  aitea  waa  not  determined  in  thla 
study.  In  addition,  tha  charge  tranafer  leading  to  tha  nature  of  acid- 
baae  reaction  aachanlaaa  between  tha  polyelectrolyte  aacroaoleculea  and 
the  regularly  oriented  polar  OH  groups  of  hydrated  oxide  file  sites,  is 
aore  likely  to  be  associated  with  the  carboxylic  anlona  converted  froa 
carboxylic  acid  groups  rather  than  froa  the  carbonyl  group.  Consequently, 
It  waa  found  that  the  presence  of  uinlalsed  divalent  »»taiilc  Ions  at  the 
Interfaces  oot  only  tends  to  Increase  the  aagnituda  of  wettability  and 
cheaiaorption  of  tha  oxide  flla  by  the  functional  aacroaralecules,  but  also 
enhances  tha  avlronaantal  durability  of  oxide-polyaer  bonds.  In  fact,  tha 
strong  Intensity  band  of  CM)  groups  at  1710  ca“*  aoaaa  to  suggest  that 
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“•  c°-P*rl-°“  «  -P«tr.  of  ( - )  hop.lt*,  (-— )  bulk  PAA  polymer,  end  ( - )  PAA/hop.it.  ompo.lt. 


•▼•a  though  oriented  active  COOH  groupe  are  present  and  nay  undergo  acid- 
base  interaction  at  all  available  -OH  surface  sites,  the  rate  of  the 
chemisorption  at  the  interface  regions  will  be  small.  Despite  this  small 
chemisorption  rate,  the  energy  evolved  by  the  chemical  interaction  is 
enough  to  improve  the  interfacial  bond  forces. 

3.  Lap  Shear  Bond  Strength 

In  support  of  the  studies  of  the  natnre  of  the  adhesion  mechanisms 
and  interfacial  interaction  processes  described  above,  the  lap  shear  bond 
strengths  when  PAA  polymers  with  varying  degrees  of  neutralization  were 
used  as  metal- to-metal  adhasives  were  determined.  The  average  PAA  ad¬ 
hesive  thickness  for  the  overlap  ranged  from  1  to  3  mil,  and  the  tests 
on  the  lapped  samples  were  performed  after  curing  for  7  days  at  room 
temperature. 

Figure  23  shows  the  lap  shear  bonding  forces  at  the  chemically  treat¬ 
ed  metal -PAA  polymer  Interfaces  as  a  function  of  the  degree  of  neutraliza¬ 
tion  of  the  macromolecules.  Correlations  between  the  bond  strength  and 
the  neutralization  rate  of  COOH  groups  were  found  for  both  treated  and  un¬ 
treated  metal  surfaces.  In  both  cases,  the  bond  strengths  decrease  with 
increasing  NaOH  neutralization  of  the  PAA.  As  already  noted  in  the  earli¬ 
er  section  on  wetting  behavior,  the  strength  reduction  is  due  to  the  poor 
spreading  and  adsorbing  characteristics  of  PAA  adhesives  resulting  from 
the  increased  density  of  conformational  entanglement  macromolecules.  The 
spreading  force  is  primarily  dependent  upon  the  degree  of  neutralization, 
but  is  Independent  of  the  degree  of  surface  roughness  of  the  deposited 
oxide  films.  In  fact,  the  highest  strength  reduction  rate  of  ~61Z  was  ob¬ 
tained  from  the  polished  surface  substraee  bonded  with  80Z  neutralized  PAA 
polymers.  Similar  results  were  obtained  for  both  treated  surfaces.  As  an 
example,  hopeite  layers  having  a  highly  crystallized  surface  roughness  ex¬ 
hibited  a  loss  in  strength  of  '*71Z  at  the  same  degree  of  neutralization. 

Without  neutralization  of  the  PAA,  the  adhesion  force  to  the  polished 
■etal  surface  is  low  because  of  the  absence  of  mechanical  interlocking  and 
chemical  bonding  at  the  Interface.  A  stronger  bond  results  when  the  metal 
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LAP  SHEAR  BOND  STRENGTH  (psi) 


Figure  23.  Lap  shear  bond  strength  change  In  eheeically  treated  eetal- to-aetal 

PAA  adhesives  as  a  function  of  the  degree  of  neutralisation  with  NaOH. 
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faces  srs  given  a  cheaieal  treatment  to  produce  a  thick  crystal  surface 

t 

oxide.  The  maximum  bond  strength  of  650  psi  (4.48  MPa)  in  this  test  sa-  I 

ries  was  attained  with  the  hopeite-deposited  metal  surface.  This  value 
corresponds  to  inproveaents  of  ~-4  and  *“2  times  over  those  obtained  from  < 

polished  and  t^PO^-moiHfied  surfaces,  respectively. 

a  ! 

To  obtain  further  information  regarding  the  polymer-hope ite  inter- 
facial  bonding  mechanisms,  non- neutralized  PAA  polymer  was  applied  to  the 
hope its  surfaces  and,  after  curing,  the  polymeric  coating  was  physically 
stripped  froa  the  hopeite  surfaces.  Both  the  bonded  surface  side  of  the 
stripped  polymer  fila  and  the  coated  hopeite  aide  after  stripping  were 
studied  by  SEM  associated  with  EDX.  Since  most  of  the  thin  polymer  film 
reaains  on  the  hopeite  surfaces,  the  presence  of  the  Joined  pieces  of 
hopeite  crystals  could  be  detected  visually  on  the  stripped  polymer  fila 

i 

surfaces.  Morphological  and  energy-dispersive  x-ray  studies  of  the  adhe¬ 
sive  sites  on  the  polymer  fllas  were  therefore  focused  upon  the  bonded 
hopeite  pieces  which  were  randoaly  distributed  on  the  fila  surfaces.  As 
seen  in  Figure  26,  the  aicroaorphologlcal  laage  froa  the  SEM  resembles  the 

i 

surface  micros  true ture  of  hopeite  deposited  on  the  aetal  surfaces  turned 
upside  down.  The  roughness  of  the  polymer  surface  definitely  verifies 
that  the  polyelectrolyte  aacroaolecules  adhere  very  well  to  hopeite 

surfaces.  j 

The  relatively  modest  technique  of  EDX  has  a  high  potential  for  de¬ 
tecting  the  distributions  and  concentrations  of  the  major  cheaieal  con¬ 
stituents  which  exist  at  the  solid  aaterlal  surface.  When  compared  to  the 

i 

EDX  peaks  for  hopeite  itself  (see  Figure  20),  it  appears  that  the  peak 
intensity  for  the  Zn  atom  is  stronger  than  those  for  P  and  Fe  atoas.  This 
may  aean  that  although  other  transitional  metal  Ions  can  be  present,  lar¬ 
ger  quantities  of  Zn  atoas  aay  be  transferred  to  the  polymer  films  froa 
the  hopeite  surfaces. 

In  contrast,  the  eoated  side  of  the  hopeite,  as  shown  in  Figure  27, 
displayed  alcros true ture  features  completely  different  from  those  of  the 

I 

original  hopeite  crystal  structures.  EDX  results  indicated  that  the 
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Figure  26.  SEN  lm«g«  «nd  E1>X  an*lytU  of  bondod  aurfoco  sld«  of  PAA  fil». 
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Figure  27.  Surface  topography  with  EDX  peaks  of  coated  hopelte  layer  site  after 
stripping  polymer. 
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itensity  of  Fe  atom  peaks  increases  significantly,  whereas  the  Zn  and  P 
tom  peak  intensities  become  less.  Consequently,  an  alternative  hypo¬ 
thetical  Interfacial  interaction  mechanism  consistent  with  the  above 
bservation  may  be  proposed. 

ype  C.  Divalent  Metallic  Ion  Crosslinking  Reactions 


In  the  hypothetical  Type  C  model,  the  carboxylic  anion/hydroxyl  group 
interfacial  Ionic  bonds  which  have  a  relatively  high  mobility  may  be  con¬ 
verted  into  more  rigid  divalent  metallic  bridge  formations.  From  the  re¬ 
sults  described  above,  the  strong  adhesion  is  essentially  associated  with 
the  topography  of  the  deposited  oxide  hydrate  compound  films,  the  nature 
of  interfacial  Interactions,  and  the  type  of  degree  of  chemisorption  at 
the  interfaces. 

E.  Modified  Furan/Treated  Metal  Interface 
1.  Mechanical  Interlocking  Behavior 

In  general,  good  mechanical  interlocking  between  a  polymeric  coating 
and  an  oxide  substrate  can  be  attributed  to  the  following:  l)  the  nature 
of  the  surface  topography  and  micromorphology  of  the  deposited  oxide  lay¬ 
er,  and  2)  tho  physical  properties  of  the  adhesive  and  its  ability  to 
penetrate  easily  into  the  pores  in  the  oxidized  films.  The  former  re¬ 
lates  directly  to  surface  activation  factors,  such  as  the  highly  crystal¬ 
lized  oxide  layer  consisting  of  an  open  surface  structure  and  an  adequate 
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crystal  thickness.  These  factors  lead  to  an  Increase  in  the  magnitude  of 
the  wettability  and  spreadabillty  of  polymeric  adhesives  on  the  oxide 
films.  The  second  element  is  associated  with  the  resins  having  low  vis* 
cosity  and  surface  tension. 

On  the  basis  of  the  above  concept  regarding  the  mechanical  interlock¬ 
ing  benavior,  it  is  thought  that  the  changes  in  the  topographical  features 
that  occur  during  the  growth  of  zinc  phosphate  crystals  significantly  af¬ 
fect  the  spreading  and  wetting  behavior  of  the  oxidized  layers  by  the  re¬ 
sin.  Thus,  it  Is  very  important  to  assess  systematically  any  correlations 
that  exist  between  the  micromorphologieal  nature  of  the  aged  oxide  films 
and  the  adsorption  rate  of  resin  on  the  films.  As  a  first  attempt  to  ob¬ 
tain  this  information,  the  degree  of  crystallization  of  hydrated  zinc 
phosphate  compounds  deposited  on  the  metal  surface  as  a  function  of  the 
soaking  time  in  the  zinc  phosphatlrxg  solution  was  investigated  by  use  of 
scanning  electron  microscopy  (SEM). 

Pour  steel  panels  which  were  polished  with  ultraflne  emery  paper, 
were  immersed  in  the  Zn3(P04)2.2H20-H3P04-H20  oxidizing  solution  at  80°C 
for  1,  j,  6,  and  24  hr,  respectively.  SEM  photomicrographs  of  the  treated 
metal  surfaces  (Figure  28)  show  that  the  degree  of  deposition  and  the  mag¬ 
nitude  of  the  crystal  growth  Increased  with  Increased  exposure  to  the  oxi¬ 
dizing  solution.  The  micrograph  of  the  surface  exposed  to  the  solution 
for  1  hr  indicates  many  distinctive  tiny  rings,  but  no  significant  crystal 
deposition  on  the  surface  is  apparent.  The  crystalline  rings  may  have 
been  produced  by  erosion  of  the  metal  surfaces  by  the  chemically  aggress¬ 
ive  oxidizing  liquids.  Closer  examination  reveals  that  the  ring  sizes 
ranged  from  100  to  400  urn  in  diameter,  and  that  the  rings  were  slightly 
raised  from  the  substrate  surfaces.  Tho  microtexture  of  the  metal  surface 
changed  dramatically  from  smooth  to  extremely  rough  after  exposure  for  3 
hr.  Its  morphological  features  were  characterised  by  the  formation  of  a 
block-appearing  coarse  crystal  ->280  ym  in  length,  which  was  distributed 
randomly  on  all  surfaces  of  the  modified  metal  sites.  It  appeared  from 
the  SEM  image  after  6  hours'  soaking  (see  Figure  28-C)  that  the  coarse 
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microstructure  formed  at  age  3  hr  vaa  later  converted  into  an  almost 
rectangular  crystal  structure.  As  seen  in  the  photomicrograph,  the  mor- 
phological  features  of  the  crystals  formed  at  this  age  indicate  a  tri¬ 
clinic  microstructure  characterized  by  three  unequal  axes  intersecting  at 
angles  oblique  to  each  other.  Further  exposure  (see  Figure  28-D)  resulted 
in  the  formation  of  a  pronounced  dendritic  microa true turn  of  trlcllnlc 
hope it*  crystals.  The  topography  of  the  24-hr-old  hopelte  film,  as  vleved 
by  SEM,  was  comprised  of  a  dense  agglomeration  of  circular  radiating 
rectangular  zinc  phosphate  crystals.  From  this  morphological  image,  it  is 
expected  that  the  uniformly  interlocked  crystals  will  provide  a  larger 
surface  area  for  bonding  and  give  sufficient  mechanical  Interlocking  with 
polymeric  adhesives.  When  the  adhesive  penetrates  into  the  open  spaces  on 
the  interlocking  surface  microstructure,  the  rectangular  crystals  will 
become  embedded  in  the  adhesive  phase  and  act  as  a  reinforcement  for  the 
polymeric  matrix. 

SEM  is  particularly  useful  in  preparing  stereophotographs  that  can 
be  viewed  in  three-dimensional  relief  with  the  aid  of  a  stereoviewer  and, 
hence  it  can  be  used  to  determine  the  approximate  thickness  of  the  crys¬ 
tals  after  various  exposure  times.  These  results  are  Illustrated  in 
Figure  29.  The  data  Indicate  that,  under  the  conditions  employed,  the 
oxidizing  solution  produces  a  film,  the  thickness  of  which  increases  al¬ 
most  linearly  with  time  for  exposure  periods  ranging  up  to  10  hr.  Beyond 
that  time,  the  rate  of  crystal  deposition  seems  to  decrease  significantly. 
Highly  crystallized  hopelte  layers  ~200  um  thick  can  be  produced  by  im¬ 
mersing  the  steel  plate  for  ~15  hr  in  the  phosphatlng  solution  at  80°C. 
From  the  above  results,  it  is  apparent  that  the  prolonged  exposure  to  the 
prescribed  oxidizing  mixture  leads  to  the  formation  of  highly  dense  inter¬ 
locking  crystals  having  an  open  surface  structure.  For  a  given  crystal 
thickness,  adhesion  to  more  interlocked  oxide  films  can  be  expected  to  be 
higher. 

An  increase  in  surface  crystal  thickness  relates  to  an  enhanced  sur¬ 
face  roughness  and  an  increase  in  oxide  surface  area.  The  increased 
roughness  will  enhance  the  degree  of  wettability  of  the  oxide  film  by  the 


Figure  29.  Thickness  of  hopelta  crystals  as  a  function  of  immersion  time  in  zin< 
phosphating  solutions. 
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liquid  resin  tod  increase  the  aechanieal  Interlocking  at  the  polymer-oxide 
layer  interfaces.  Experiments  to  obtain  quantitative  Information  regard¬ 
ing  the  magnitude  of  the  wettability  ana  the  bonding  forces  were  perform- 
•  cd.  In  this  work,  determiu_tions  of  the  interfacial  contact  angle  at  the 
resin-oxide  film  boundary  and  the  lap  shear  bond  strength  of  metal- to- 
metal  adhesives  were  made  as  a  function  of  the  immersion  time  for  the 
metal  substrate.  A  95Z  furan  -  5X  levulinie  acid  resin  system  was  used  in 
this  test  series.  The  mixture  had  a  viscosity  of  420  cP  and  a  surface 
tension  of  37.4  dyns/cm  at  24°C.  The  contact  angles  were  measured  within 
30  sec  after  deposition  of  the  liquid  lesin  on  the  aged  hopeite  layers. 

The  changes  in  contact  angles  and  shear  bond  strength  as  a  function  of 
zinc  phosphate  treatment  time  are  shown  in  Table  2.  It  was  observed  that 
the  contact  angle  decreases  as  the  treatment  time  in  the  phosphating  fluid 
is  increased  up  to  -24  hr,  after  which  it  remains  constant.  Since  a  lower 
contact  angla  results  in  an  increase  in  the  magnitude  of  the  wetting 
force,  it  appears  that  the  wettability  of  the  hopeite  films  can  be 
enhanced  by  increasing  the  crystal  thickness.  The  value  for  the  contact 
angle  for  the  hopeite  layer  produced  by  Immersion  for  24  hr,  corresponding 
to  a  crystal  thickness  of  -203  pm,  was  significantly  lower  (10.5°  vs 
30.8°)  than  that-  for  an  untreated  metal  surface.  Although  crystal 
thickness  and  surface  roughness  are  major  factors  in  the  wettability  of 
hopeite  films,  the  unique  topographical  features  of  the  dendritic 
structure  of  tricllnlc  crystals  and  the  facile  penetration  of  resin  into 
the  open  spaces  in  the  interlocking  rectangular  crystals  may  also 
contribute. 

As  seen  in  Table  2,  a  strong  correlation  between  the  contact  angle 
values  and  the  shear  bond  strength  seems  to  exist.  The  latter  increases 
with  decreasing  contact  angle  for  treatment  times  up  to  -24  hr,  and  then 
levels  off  as  the  contact  angle  becomes  constant.  The  adhesion  to  the 
polished  metal  surface  (time  *■  0  hr)  is  poor  because  of  the  absence  of 
lnterfaeial  interlocking.  The  failure  region  passes  smoothly  along  the 
shear  front  and  involves  only  a  small  amount  of  polymer  in  plastic  defor¬ 
mation,  giving  a  low  shear  bond  strength  of  140  psi  (0.97  MPa).  This  low 
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TABLE  2 


Contact  Angles  and  Lap  Shear  Bonding  Force  as  a  Function 
of  Treatment  Time  of  Metal  in  Phosphating  Solution 


Treatment  time 

hr 

Contact  angle, 
deg 

Lap-shear  bond  strength 
pal  (MPa) 

0 

30.8 

140  (0.97) 

1 

28.9 

250  (1.72) 

3 

24.7 

390  (2.69) 

6 

19.0 

510  (3.51) 

15 

13.0 

680  (4.69) 

24 

10.5 

720  (5.00) 

35 

10.7 

700  (4.82) 
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strength  for  Cho  untreated  surfaces  can  ba  improved  by  a  factor  of  5.1  by 
the  aloe  phoaphata  treatment  for  24  hr.  An  ultimata  strength  of  720  pal 
(4.96  MPa)  was  davelopad  whan  the  contact  angla  between  the  polymer  and 
the  hopeita  crystal  laya«  waa  10.5°. 


from  tha  above  results,  It  la  apparent  that  the  magnitude  of  the 
adhaalon  at  tha  liquid  resin-oxide  film  interface  dapanda  mainly  on  tha 
aroa  of  realn  contact,  thereby  resulting  in  an  increase  in  tha  resin  wat¬ 
ting  capacity  of  tha  film  surfaces.  Thus,  it  la  very  Important  to  esti¬ 
mate  quantitatively  tha  dynamic  wetting  feasibility  which  is  expressed  in 
terms  of  the  rate  of  spreading.  The  primary  objective  in  this  work  was  to 
develop  a  spreading  model  for  the  wetting  processes  on  the  oxide  film.  A 
modified  thermodynamic  kinetics  expression  which  may  ba  rewritten  in  tha 
following  form  waa  used  to  develop  the  model.  This  is  as  follows: 


where  is  tha  contact  angle  at  time  t,  is  the  contact  angle  at 

(infinite  time,  and  k  refers  to  the  spreading  rate  constant.  The  factor 
cos  dt\ 

1"  1  )  is  defined  as  the  rate  of  the  contact  angle  fraction  advanced 

cos 

at  time  t. 


With  this  model,  an  attempt  was  made  to  obtain  quantitative  informa¬ 
tion  regarding  tha  rate  of  spreading  on  hopeita  layers  produced  by  the 
different  sine  phosphate  treatment  times.  Experiments  were  performed  in 
which  contact  angles  were  measured  as  a  function  of  time  after  the  deposi¬ 
tion  of  resin  on  the  substrate  surfaces  at  an  ambient  temperature  of 

/  cos 

24°C.  Values  for  In  (1-  - — —  I  plotted  sgainst  the  corresponding  values 

\  cos  / 


of  t  are  shown  in  Figure  30.  Straight  line  relationships  between  the  con¬ 
tact  angle  and  elapsed  time  are  evident.  As  a  result,  values  obtained 

/  cos  0t\ 

from  the  slopes  Ain  I  1-  --I  /  At  ware  used  as  the  spreading  rate 

\  cos  Sjc  / 
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constant  k.  Th«  influence  of  th«  surface  ox ids  film  on  tha  «p  wading 
mobility  of  rsslns  was  evaluated  by  comparing  the  rate  constant,  k,  for 
various  treatment  times.  The  data  Indicate  that  the  k  value  increases 
as  the  treatment  time  of  the  metal  surface  is  increased.  The  value  of 
4.80  x  10~2  Me-1  after  a  24  hours'  treataent  was  ~3  times  greater  than 
that  at  age  1  hr.  This  aeans  that  a  film  thickness  of  -203  ua  produced 
during  a  24-hr  immersion  period  has  a  more  pronounced  effect  on  the 
spreading  processes  than  that  produced  during  a  1-hr  exposure.  It  appar¬ 
ently  verifies  that  the  boundary  of  a  sessile  drop  is  significantly  ad¬ 
vanced  by  the  growing  hopeite  crystal  layers.  Consequently,  the  crystal 
thickness  and  the  degree  of  surface  roughness  of  the  oxide  film  appear  to 
have  aajor  roles  in  the  resin  spreading  behavior. 

In  summary,  it  was  found  that  hopeite  films  contribute  to  a  good  me¬ 
chanical  Interlocking  with  polyaerie  adhesives.  The  bonding  is  attributed 
to  the  uniform  topography  of  the  dendritic  array  of  trlelinie  rectangular 
crystals,  the  thickness  of  the  crystalline  fila,  interlocking  micromor- 
phology,  and  the  large  open  surface  microstructure.  Anchoring  of  the  pol¬ 
ymer  which  penetrates  into  the  open  spaces  in  the  interlocked  crystal  lay¬ 
ers  also  acts  to  enhance  the  bond  strength  at  Interfacial  regions. 

2.  Interfacial  Chemical  Attraction 

The  presence  of  functional  groups,  such  as  hydroxyl,  ester,  and  car¬ 
boxylic  acid,  in  the  levulinic  acid-modified  furan  resin  molecules  may  al¬ 
so  contribute  to  the  mobility  to  available  adsorption  polar  hydroxyl  (OH) 
groups  on  hopeite  surface  sites.  The  chemical  treatment  is  Intended  not 
only  to  increase  the  rate  of  roughness  of  the  aetal  surfaces,  but  also  to 
modify  the  surface  chemical  composition.  In  fact,  IR  spectra  for  fine 
hopeite  powders  removed  by  scraping  hopelte-deposlted  metal  surfaces  ex¬ 
hibited  a  strong  sharp  frequency  at  3560  and  3400  cm"*,  which  represents 
the  presence  of  coordinated  water  expressed  in  terms  of  the  hydration 
water.  These  strong  bands  represent  the  stretching  vibration  of  OH  groups 
of  hydrated  water.  Water  of  hydration  is  also  distinguished  from  OH 
groups  by  the  presence  of  the  H-O-H  bending  motion  which  produces  a  medium 
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band  at  '“1620  cn'l.  This  band  can  be  taken  as  another  important  means  of 
identifying  water  of  crystallization  and  it  is  very  useful  in  the  elucida¬ 
tion  of  inorganic  structures.  IR  results  suggest  that  water  molecules  in 
the  hopeite  molecular  structure  are  present  as  simple  water  of  crystalli¬ 
zation  and  as  coordinated  water  in  hydrates.  The  fact  that  the  highly 
crystallized  hopeite  formation  contains  a  large  number  of  polar  OH  groups 
in  watet  molecules  indicates  that  it  should  be  possible  to  form  strong  hy¬ 
drogen  bonds  to  organic  functional  groups  in  polymeric  coatings.  There¬ 
fore,  a  study  was  performed  to  investigate  the  role  of  water  in  the  inter- 
facial  chemical  attraction  between  the  functional  resin  and  the  hopeite 
layer.  In  an  attempt  to  elucidate  this  role,  composite  samples  were  pre¬ 
pared  by  incorporating  the  modified  furan  resins  with  finely  powdered 
hopeite  which  was  removed  from  the  metal  surfaces,  and  then  curing  the 
mixture  in  an  oven  at  8C°C  for  10  hr.  The  composition  of  the  hopeite- 
filled  furan  resin  was  adjusted  by  varying  the  concentration  of  the  hope¬ 
ite  powder  in  the  range  of  0  to  70 1  by  weight.  After  curing,  the  samples 
to  be  used  in  IR  spectroscopic  analyses  were  ground  to  a  size  of  ~325  mesh 
(0.044  mm).  IR  analyses  for  these  samples,  prepared  in  the  form  of  KBr 
discs,  were  conducted  by  Interference  techniques,  using  Interfering  discs 
containing  various  proportions  of  KBr  and  hopeite  powders. 

The  resultant  IR  spectra  indicate  that  the  most  pronounced  changes  in 
the  peak  intensity  of  IR  absorption  bands,  as  a  function  of  hopeite  con¬ 
centration,  take  place  in  the  frequency  range  of  1800  to  1350  cm“l.  As 
seen  in  Figure  31,  the  absorption  spectra  for  bulk  furan-levulinic  acid- 
blend  polymer  showed  a  conspicuous  band  at  a  frequency  of  1710  cm"l  and 
weak  bands  at  1560  and  1420  cm”^.  The  prominent  absorption  at  1710  cm“^ 
is  due  to  the  stretch  vibration  of  carbonyl  groups  (00)  of  levullnic 
ester  formed  by  cleavage  of  furan  rings  and  of  reacted  or  unreacted  levu- 
linic  acid.  The  peaks  at  1560  and  1420  cra*^  are  of  approximate  equal  in¬ 
tensity  and  can  be  assigned  to  the  asymmetric  and  symmetric  stretching  vi¬ 
brations  of  carboxylate  anion  (C00“)  groups  derived  from  the  analogy  of 
the  ionized  carboxyl  groups.  Of  Interest  are  the  noteworthy  changes  in 
Intensity  at  these  frequencies  that  occur  as  the  hopeite  content  In  the 


WAVE  NUMBER  (cm*1) 

Figure  31.  Changea  la  IR  lntenalty  at  frequency  of  1710,  1360,  and  1420  ca- 
( unction  of  hopelte  concentration  In  the  eoapoaita  aanplea. 
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composite  systems  is  increased.  As  is  evident  from  the  figure,  the  inten¬ 
sities  of  COO"  bands  at  1560  and  1420  cm"*  increase  markedly  with  increas¬ 
ed  hopeite  concentrations.  Conversely,  the  C-0  band  at  1710  c»’^  tends  to 
shorten  with  growth  of  the  COO"  bands.  From  the  viewpoint  of  interfacial 
chemical  affinity,  these  results  apparently  demonstrate  that  OH  groups  on 
the  hopeite  surface  can  hydrogen  oond  with  the  carbonyl  oxygen  atom  in 
the  polymer  molecules.  Thus,  the  C»0  stretching  frequency  of  polymer  de¬ 
creases  upon  hydrogen  bond  formation  through  the  carbonyl  oxygen,  whereas 
that  of  the  asymmetrical  and  symmetrical  stretching  vibration  of  COO"anion 
groups  shifts  to  a  higher  frequency. 

In  practice,  the  rate  of  hydrogen  bond  formation  between  the  C*0 
groups  in  the  polymer  and  the  OH  groups  on  hopeite  is  directly  related  to 
the  intensity  of  an  absorption  band  or  the  absorbance  at  any  given  fre¬ 
quency.  This  bond  rate  as  a  function  of  hopeite  content,  from  C  to  70 X, 
was  quantitatively  estimated  by  comparing  the  absorbance  ratio  of  the  C-0 
frequency  at  1710  cm"*-  with  that  of  the  COO"  at  1560  cm"l.  the  absorbance 
at  a  given  wave  number  can  be  calculated  by  using  a  Beer-Lambert  law  as 
shown  below: 

DX  -  lo8  ^oX/1!)* 

where  is  the  absorbance  at  wavenumber  X,  I0^  is  the  intensity  of 

incident  radiation,  and  1^  refers  to  the  intensity  of  transmitted  radia¬ 
tion.  For  quantitative  analysis  by  IR  spectroscopy,  the  peak  height  or 
the  area  of  the  band  is  usually  taken  as  the  criterion  of  band  Intensity. 
Therefore,  an  accurate  measurement  of  band  intensity  is  required.  The 
value  of  transmittance  (I0x)  »t  the  base  of  an  absorption  band  was  de¬ 
termined  by  the  use  of  the  horizontal  baseline  connecting  the  two  wings  of 
the  complex  bands. 

As  shown  in  Figure  32,  the  plot  of  the  absorbance  ratio  as  a  function 
of  hopeite  concentration  exhibits  a  direct  linear  relationship.  This  in¬ 
dicates  that  the  intensity  of  the  band  characteristic  of  C00"  formation 
becomes  stronger  as  the  C«0  group  band  Intensity  decreases.  Accordingly, 
it  appears  that  the  OH  groups  formed  on  the  outermost  surface  of  hopeite 
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Figure  32.  Correlation  between  abeorbence  ratio  and  hopeite  concentration  T 

incorporated  in  furan  reain  syatee. 
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layers  are  accessible  to  electron  donor-acceptor  interactions  to  form  hy¬ 
drogen  bonds.  This  fact  further  suggests  that  a  large  hopeite  surface 
area,  corresponding  to  the  presence  of  a  plentiful  supply  of  polar  OH 
groups  on  the  outermost  surface  sites,  is  more  strongly  chemisorbed  by  the 
functional  resin  than  a  smaller  surface  area.  This  effect  leads  to  an 
increase  in  the  strength  of  the  mechanical  bonding  at  the  interfaces. 

A  possible  interpretation  for  the  facile  resin  mobility  at  the  liquid 
resin-hopeite  interfacial  regions  can  be  developed  from  the  nature  of  hy¬ 
drogen  bond  mechanisms.  When  a  resin,  initially  in  a  liquid  state,  is 
brought  into  contact  with  the  hopeite  films,  the  functional  groups  in  the 
liquid  resin  are  mobile  enough  to  migrate  to  the  polar  OH  group  sites  on 
the  film  where  the  energetics  of  adsorption  to  fora  the  hydrogen  bonds  are 
particularly  favorable.  This  behavior  may  be  explained  using  a  model  for 
a  charge  transfer  bonding  mechanism  wnlch  predicts  that  the  functional 
groups  will  bond  strongly  to  an  oxygen  atom  forming  metal -oxygen-resin 
complexes.  Charge  transfer  leading  to  the  formation  of  chelate- type  com- 
plexen  is  much  more  common  and  seems  to  occur  on  most  C-0  containing  resin 
surfaces.  These  C-0  groups  can  stem  from  carbonyl,  carboxylate,  ketone, 
or  other  functional  groups. 

A  study  was  conducted  to  elucidate  the  role  of  crystallized  water, 
often  called  hydrates,  in  hydrogen  bond  behavior.  The  water  molecules  of 
crystallization  are  stable  enough  to  remove  water  vapor  from  ordinary  air 
at  ambient  temperature.  As  mentioned  earlier,  the  presence  of  these 
thermally  stable  water  molecules  can  be  identified  by  the  IR  frequency  c 
1620  cra-1  which  is  assigned  to  the  bonding  vibration  of  water  crystalliza¬ 
tion.  Therefore,  the  rate  of  hydrogen  bond  formation  of  the  water  mole¬ 
cule  with  the  C-0  groups  in  the  copolymer  may  be  estimated  on  the  basis  of 
data  obtained  from  quantitative  analysis  by  IR  spectroscopy.  The  analyti¬ 
cal  work  was  focused  upon  the  changes  in  the  absorbance  ratio  of  C-0  bands 
at  1710  cm”l  and  HjO  bands  at  1620  cm"*.  The  samples  for  IR  studies  were 
prepared  by  mixing  equal  parts  of  initiated  furan-levulinlc  acid  blend  re¬ 
sin  and  hopeite  powder.  To  study  the  hydrogen  bond  reaction  of  C-0  groups 
and  H2O  groups,  the  concentration  of  levulinic  acid  reagent  in  the  blend 
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resin*  was  varied,  ranging  froa  0  to  40X  by  weight  of  total  resin  mass. 

IR  spectra  were  recorded  for  samples  prepared  in  the  form  of  conventional 
KBr  discs. 

Figure  33  shows  the  changes  in  absorbance  ratio  which  are  calculated 
from  the  peak  intensities  at  the  two  frequencies  (1710  and  1620  cm~l),  as 
a  function  of  the  levulinic  acid  concentration.  The  data  indicate  that 
the  absorbance  ratio  gradually  increases  with  an  increase  in  the  amount  of 
levulinic  acid.  The  absorbance  ratio  for  the  sample  containing  40Z  levu¬ 
linic  acid  was  more  than  three  times  greater  than  for  the  sample  without 
the  levulinic  acid.  The  reduction  in  the  intensity  of  the  H2O  frequency 
at  1620  cm"l  with  Increased  C»0  groups  is  due  to  a  lowering  of  the  H-O-H 
bond  order  by  formation  of  the  hydrogen  bond,  -OO— — H2O.  As  is  evident 
from  the  above  results,  an  interesting  speculative  possibility  is  that  the 
water  crystals  formed  on  the  hopeite  layers  play  an  essential  role  in 
binding  the  oxide  film-polymeric  coating  units  together,  thereby  producing 
good  adhesion.  All  available  crystallized  H2O  at  the  outermost  sites  of 
the  hydrated  hopeite  surfaces  reacts  chemically  with  the  numerous  func¬ 
tional  groups  modified  by  addition  of  the  levulinic  acid  to  the  furan. 
Subsequently,  the  proton-donating  ester  and  carboxylic  acid  groups  chemi¬ 
sorbed  strongly  with  the  polar  OH  groups  are  converted  into  carboxylate 
anions  which  Induce  hydrogen  bonding  as  a  result  of  acid-base  and  charge 
transfer  interactions.  It  should  be  noted  that  the  rate  of  hydrogen  bond 
formation  between  the  functional  groups  and  the  H2O  groups  can  be  estima¬ 
ted  by  determining  quantitatively  the  reduction  rate  of  the  IR  peak  inten¬ 
sity  at  1620  cm"l. 

F.  Conclusions 

It  appears  that  for  a  metal  substrate  surface  to  achieve  good  bonding 
with  polyelectrolyte  macromolecules,  the  interface  and  Interfacial  region* 
should  have  the  following  surface  activation  elements:  (1)  a  highly  crys¬ 
tallized  oxide  layer  consisting  of  an  open  surface  structure,  (2)  an  ade¬ 
quate  crystal  thickness,  (3)  the  presence  of  rich  polar  hydroxyl  groups 
formed  on  the  metal  oxide  surfaces,  and  (4)  minimal  free  divalent  metallic 
Ions  on  the  oxide  films. 
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Figure  33.  Absorbance  ratio  obtained  fro«  1710  and  1620  c«**  absorption  bands 
▼a  lerulinic  acid  concentration. 
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An  «M«otlil  prerequisite  for  attaining  good  adhesion  of  aacroaole- 
cules  Co  hydra Lad  oxide  metal  surfaces  la  that  aacroaolecules  haring 
ragularly  oriented  pendent  COOK  groupa  mat  continuously  wet  the  rongh 
aurfaee  by  apreadlng  on  and  penetrating  into  the  open  aurface  aierostruc- 
turn  and  alcrof Issutos  of  the  oaclde  fllea.  Subsequently,  the  proton- 
donating  COOH  groups  cheat aor bed  atroagly  with  the  polar  OH  groups  at 
hydrated  oxide  surface  sites  mat  be  converted  Into  carboxylic  anions 
which  Induce  strong  Ionic  bonding  aa  a  result  of  add-bass  and  charge 
transfer  Interaction  aecbanlsas.  The  aechanlcal  Interlocking  and  cheat cal 
Ionic  bonds  foraed  at  the  pore  wall,  which  are  normal  to  the  oxide  hydra to 
flias,  are  prlaarlly  responsible  for  the  aolecular  orientation.  The  pre¬ 
ferred  aacroaol scale  orientations  in  the  polymer  layer  eontrlbuto  signifi¬ 
cantly  to  the  development  of  the  lnterfaclal  bond  strength,  whereas  the 
conformation  change  caused  by  the  free- lon-coaplexed  aolecular  structure, 
resulting  In  colled-up  aacroaolecules,  is  likely  to  result  in  a  decrease 
In  lnterfaclal  bonding  forees. 

On  the  basis  of  the  experimental  results  and  analysis,  the  following 
physico-chemical  factors  significantly  affect  the  adhesion  of  levullnlc 
aeld-aodlfied  furan  polymer  to  crystalline  hopeita  flias  deposited  on 
metal  surfaces.  The  nature  of  the  lnterfaclal  attraction  which  can  be 
nod if led  to  achieve  good  bonding  at  the  bopelts  film-modified  furan  poly- 
aer  Interfaces,  was  Influenced  by  the  following  three  elements:  l)  mech¬ 
anical  Interlocking  bonds  which  are  provided  by  the  degree  of  the  surface 
roughness  of  the  substrates,  2)  spreading  forces  of  the  deposited  ho pel te 
polar  flla  by  the  functional  liquid  resins,  and  3)  chemical  interaoleeular 
attractions. 

The  highly  crystallised  trlclinlc  hope lte  has  a  considerable  deposi¬ 
tion  weight,  and  a  typical  surface  topography  comprising  a  dendritic 
micros  true  tore  array  of  an  Interlocking  rectangular  crystal  was  confined. 
This  structure  was  found  to  be  the  prlaary  factor  contributing  to  the  In¬ 
creased  aechanlcal  Interlocking  forces  associated  with  the  aechanlcal 
anchoring  of  the  polymers  yielded  by  penetrating  liquid  resin  Into  the 
open  surface  micros true ture  sod  microfissures  of  the  films.  The  extent 
of  hopelte-poiymer  interlocking  depends  aalniy  on  tbs  thickness  of  the 


hop* It*  crystal*,  th*  polar  H2O  groups  at  th*  crystal  surfae*  sites,  and 
th*  reactive  molecular  structure  of  th*  liquid  adhesives.  Th*  coordinated 
and  crystallised  HjO  molecules  existing  at  th*  outermost  surfae*  of  the 
films  were  found  to  play  an  essential  robe  in  wetting  th*  furan  blend  re¬ 
sin  containing  a  levulinie  acid  admixture  which  has  functional  carboxylic 
acid  groups  in  the  molecules.  Thus,  the  presence  of  a  plentiful  supply  of 
polar  H2h  groups  on  a  hop* it*  film  surface  with  a  crystal  thickness  of 
*-200  ua  acts  as  a  good  spreading  key  in  promoting  mobility  of  th*  func¬ 
tional  resins.  The  ability  of  furan  coatings  to  interact  chemically  with 
the  hopelte  surfaces  can  be  modified  by  incorporating  an  adequate  amount 
of  levulinie  acid.  Hopeite-to-funetlonal  blend  polymer  chemical  affinity 
is  due  mainly  to  th*  intermolecular  attraction  resulting  from  th*  forma¬ 
tion  of  strong  hydrogen  bonds,  COO". . . .H2O,  between  th*  carboxylat*  groups 
derived  from  levulinie  ester  or  acid  and  the  water  molecule*  of  hydration 
at  th*  hopelte  surface  sites. 

IV.  CHARACTERISTICS  OF  POLTELECTRO LTTE -MODIFIED  ZINC  PHOSPHATE 

CONVERSION  P RE COATINGS 

Although  sine  phosphate  treatments  are  considered  to  be  effective 
for  protecting  cold-rolled  steel  pletes,  the  crystalline  sine  phosphate 
(Zn*Ph)  conversion  precoats  deposited  on  th*  substrate  surfaces  are 
often  porous,  and  as  a  result,  insffsctlve.  In  addition,  th*  resultant 
crystal  structure  and  film  thickness  play  major  roles  in  restraining 
physical  deformation  failures  of  th*  metals.  Increased  coating  thickness 
results  in  increased  brittleness,  theruby  enhancing  th*  potential  for 
failure  during  flexure  or  other  deformation. 

Th*  Introduction  of  polyelectrolyte  maeromoleeules  into  th*  sine 
phosphatlng  liquid  was  found  to  significantly  improve  the  stiffness,  th* 
ductility,  resistance  to  moisture  permeability,  and  the  paint  adherent 
properties  of  Zn*  Ph  conversion  layers.  Therefore,  an  aim  in  th*  study 
was  to  comprehensively  elucidate  how  th*  polyelectrolyt*  containing 
Zn*Ph  conversion  crystal  film  contributes  to  th*  improvement  in  th*  con¬ 
trollability  of  crystal  thickness,  th*  wettability  by  liquid  resin,  and 
the  adherent  properties  to  polymeric  topcoat  systems. 
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A.  Material* 

Tha  Htal  uaad  In  tha  experiments  was  nondesulfurixed  mild  carbon 
atael  consisting  of  0.18  to  0.23Z  C,  0.3  to  0.6Z  No,  0.1  to  0.2Z  SI,  and 
<0.04Z  P.  Fin#  crystalline  polyacrylic  acid  (PAA)  complexld  sine  phos¬ 
phate  hydrate  f  11ns  were  deposited  onto  the  octal  sabstrata  surfaces.  The 
sine  phosphatlng  liquid  consisted  of  9  parts  sine  orthophosphate  dihydrate 
and  91  parts  13Z  H3PO4,  and  was  aodlfled  by  incorporating  a  PAA  polyaer  at 
concentrations  ranging  fron  0  to  4.0Z  by  weight  of  the  total  phosphatlng 
solution.  Coaaercial  PAA,  23Z  solution  in  water,  having  an  average  aolec- 
ular  weight  in  the  range  of  3  x  10*  to  3  x  10*,  was  supplied  by  Scientific 
Polyner  Products,  Inc.  The  PAA-  Zn»Ph  eoaposite  conversion  flla  was 
deposited  on  the  natal  substrates  by  lanerslng  the  natal  for  10  hr  In  the 
nod If led  sloe  phosphatlng  solution  at  80°C.  After  depositing  the  com¬ 
posite  conversion  fllns,  the  substrates  were  left  la  a  vacuum  oven  at 
130°C  for  -3  hr  to  remora  any  nolsture  fron  tha  flla  surfaces  and  to  so¬ 
lidify  the  PAA  nacroaolecules. 

Caanerclal-gradc  polyurethane  (PtJ)  M3 13  resin,  supplied  by  the  Lord 
Corporation,  was  applied  as  an  elastoaerle  topcoating.  The  polyner  Isa  tion 
of  PU  was  initiated  by  Incorporating  a  50Z  aromatic  aaine  curing  agent 
M201.  Furan  (FR)  1001  resin  employed  as  a  glassy  topcoating  systen  was 
supplied  by  the  Quaker  Oats  Company.  The  condensation-type  polymerisation 
of  the  FR  resin  was  initiated  by  the  use  of  4  wtZ  QouCorr  2001  catalyst, 
which  Is  an  aroaatlc  acid  derivative.  These  initiated  topcoatlngs  were 
cured  In  the  oven  at  a  temperature  of  80°C. 

B.  Meaaureaents 

The  laage  analysis  of  surface  alerotopography,  aeasur.aent  of  crystal 
thickness,  and  quantitative  aulti-eleaent  analysis  of  subsurface  composi¬ 
tion  for  the  cheaically  treated  netal  surfaces  were  conducted  with  an  AMR 
100-X  scanning  electron  aicroscope  associated  with  TH-2000  energy  disper¬ 
sive  X-ray  speetronetry. 
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A  Perkin-Elmer  Nodal  2S7  apectroraatar  waa  aaad  for  internal  reflec- 
tlon  Infrared  (IR)  spactroaeopic  analyses .  To  detect  the  prasanca  of  the 
functional  organic  polymers  In  the  conversion  complex  films  and  to  esti¬ 
mate  the  concentration,  IR  spectra  ware  obtained  for  samples  prepared^ in 
the  form  of  KBr  discs.  The  samples  were  powdered  before  mixing  avid  grind¬ 
ing  with  KBr. 

Quantitative  elemental  information  and  identification  of  chemical 
states  at  the  surface  of  PAA-zinc  phosphate  composite  crystal  layers  can 
be  obtained  on  the  basis  of  the  peak  heights,  precise  determination  of 
bonding  energies,  and  peak  shapas  deduced  from  x-ray  photoelectron  spec¬ 
troscopy  (XPS)  analytical  techniques.  KPS  spectra  of  sample  surfaces,  were 
taken  using  a  CLAM  100  Model  849  Spherical  Analyzer  operating  in  a  vacuum 
of  10~8  to  10~9  Torr.  Measurements  were  made  with  At  Ko  radiation. 

X-ray  powder  diffraction  (XRD)  analyses  were  employed  to  identify  the 
Zn*Ph  compound  layers  deposited  on  the  treated  metal  surface.  To  pre¬ 
pare  the  fine  powder  samples,  the  deposited  oxide  layers  were  removed  by 
scraping  the  surfaces  and  were  then  ground  to  a  size  -325  mesh  (0.44  mm). 
The  magnitude  of  the  wetting  force  of  the  modified  metal  surfaces  by  furan 
resin  coatings  was  measured  using  a  Contact  Angle  Analyzer  in  a  60Z  R.H. 
and  24°C  environment.  All  the  data  were  determined  within  30  see  after 
drop  application. 

In  the  support  of  XRD  data,  a  DuPont  910  Differential  Scanning  Calori¬ 
meter  with  a  heating  rate  of  10°C/min  in  N2  gas  was  used  to  determine  the 
thermal  decompositions  of  the  identified  Zn*?h  compound  phases. 

In  an  attempt  to  evaluate  the  mechanical  properties  of  the  layers, 
the  stress-strain  relation  and  modulus  of  elasticity  in  flexure  were  de¬ 
termined  using  computerized  Instron  Flexure  Testing  Systems,  operating  at 
deflection  rates  of  0.5  to  0.05  nrn/min.  The  determination  of  the  stress- 
strain  curve  was  made  on  the  tensile  zones  of  metal  plate  specimens, 

6.2  cm  long  by  1.3  cm  wide  by  0.1  cm  thick,  subjected  to  three-point 
bending  at  a  span  of  5.0  cm. 
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Modulus  of  elasticity,  tsnslls  strength,  sad  elongation  tests  for  the 
cured  topcoat  polymers  were  performed  on  dumbbell- like  samples  7.0  cm  long 
and  0.5  cm  wide  at  the  narr>.  -at  section.  Stress-strain  diagrams  were  ob¬ 
tained  with  a  tensile  tester  haring  a  cross-head  speed  of  0.5  mm/min.  All 
strength  values  reported  are  for  an  average  of  three  specimens. 

Peel  strength*^  tests  of  adhesive  bonds  at  the  polyurethane  topcoat 
modified  metal  substrate  interfaces  were  conducted  at  a  separation  angle 
of  -180°  and  a  crosshead  speed  of  5  cm/rnln.  The  test  specimens  consisted 
of  one  piece  of  flexible  polyurethane  topcoat,  2.5  by  30.5  cm,  bonded  for 
15.2  cm  at  one  end  to  one  piece  of  flexible  or  rigid  substrate  material, 
2.5  by  20.3  cm,  with  the  unbonded  portions  of  each  member  being  face  to 
face.  The  thickness  of  the  polyurethane  topcoat  overlayed  on  the  complex 
crystal  surfaces  was  ''■0.95  am. 

The  lap-shear  tensile  strength  of  metal-to-metal  rigid  furan  adhe¬ 
sives  was  determined  in  accordance  with  the  modified  ASTM  method  D-1002. 
Prior  to  overlapping  between  metal  strips  5.0  cm  long,  1.5  cm  wide,  and 
0.2  cm  thick,  the  1.0-  x  l.S-cm  lap  area  was  coated  with  the  initiated 
furan  adhesive.  The  thlcknese  of  the  overlapped  film  ranged  from  1  to 
3  mil.  The  Instron  machine  was  operated  at  a  cross-head  speed  of  0.5  mm/ 
min.  The  bond  strength  values  for  the  lap  shear  specimens  are  the  maximum 
load  at  failure  divided  by  the  total  bonding  area  of  1.5  cm*. 

C.  Deposition  Height  and  Thickness 

The  investigation  to  determine  the  ability  of  PAA  polyelectrolyte 
macromolecules  to  decrease  the  quantity  of  crystalline  Zn*Ph  conver¬ 
sion  deposits  was  conducted  using  the  following  test  procedures:  the  PAA 
macromolecules  in  amounts  ranging  from  0  to  2.0Z  by  weight  of  total  sine 
phosphatlng  liquid  were  dissolved  in  the  phosphating  solution  by  stirring. 
The  polished  metal  plates  were  then  immersed  for  up  to  20  hr  in  the  phos¬ 
phatlng  liquid  with  and  without  PAA  at  80°C.  Immediately  after  immersion, 
the  plates  were  placed  in  a  vacuum  oven  for  10  hr  at  130°C.  The  surface 
of  the  dried  plate  was  then  washed  with  acetone  solvent  co  remove  the 
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multiple-layer  PAA  polymer  coating  from  the  deposition  films  end  then 
rinsed  with  water.  The  deposition  weight,  expressed  as  mg/cm^  of  treated 
metal  surface,  was  consequently  determined  by  a  method  in  which  the  con¬ 
version  crystal  film  was  removed  by  scraping  the  surface  of  a  weighed 
plate,  and  the  plate  was  rewelghed. 

The  results  from  the  above  tests  are  given  in  Figure  34.  The  result¬ 
ant  weight  vs  Immersion  time  curves  indicate  that  the  coating  weight  pro¬ 
duced  from  the  PAA-modified  phosphatlng  or  unmodified  liquids  tends  to 
increase  with  soaking  time.  For  the  oxidizing  solution  without  PAA,  the 
coating  weight  after  a  l  hr  phosphate  treatment  was  increased  by  a  factor 
of  2.7  by  extending  the  Immersion  time  to  20  hr.  As  is  evident  from  the 
figure,  the  coating  weight  can  be  reduced  by  adding  PAA,  and  the  amount 
seems  to  correlate  directly  with  the  PAA  concentration.  At  a  phosphatlng 
age  of  20  hr,  the  addition  of  2. OX  PAA  produced  a  coating  weight  of  7.9 
mg/ cm2.  This  is  30X  less  than  the  value  obtained  using  a  phosphatlng 
solution  without  PAA  for  the  same  period  of  time.  Thus,  the  presence  of 
PAA  macromolecules  in  zinc  phosphate  treatment  processes  reduces  the  coat¬ 
ing  weight,  which  could  be  economically  desirable. 

To  further  clarify  the  effects  of  PAA  macromolecules  on  the  coating 
weight,  the  extent  of  the  conversion  crystal  growth  deposited  on  metal 
surfaces  was  assessed  using  scanning  electron  microscopy  (SEM).  This 
technique  is  particularly  useful  since,  with  the  aid  of  a  stereo  viewer, 
the  crystals  can  be  viewed  in  three-dimensional  relief.  Samples  measuring 
6  x  2  x  1  mm  were  used  to  determine  the  approximate  thickness  of  the  crys¬ 
tals  produced  by  zinc  phosphate  treatment  lasting  7  hours.  The  specimens 
were  prepared  by  cutting  a  center  portion  of  a  larger-aize  metal  plate 
with  a  diamond  wheel.  The  SEM  examination  was  focused  primarily  on  the 
edge  view  of  sliced  sections.  Figure  33  shows  SEM  photomicrographs  of 
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IMMERSION  TIME,  hr 

Figure  34.  Effect  of  PAA  macromolecule*  on  the  coating  weight  of  zinc  phosphate  deposition. 
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crystalline  films  deposited  on  metal  surfaces  treated  with  PAA-modif led 
and  un-modified  phosphatlng  liquids.  The  coarse  crystals  (Figure  35-a) 
produced  by  immersing  the  metal  substrate  In  the  conventional  phosphatlng 
liquid  for  7  hr  were  ~120  urn  thick.  In  contrast,  the  coating  deposited 
from  a  solution  containing  3. OX  PAA  was  considerably  thinner  and  was  com¬ 
prised  of  relatively  fine  crystals  (see  Figure  35-b). 

A  curve  of  average  crystal  thickness  as  a  function  of  PAA  concentra¬ 
tion  was  prepared  by  direct  SEM  observation  of  edge  views  in  accordance 
with  the  procedures  described  abovo.  This  curve  is  shown  in  Figure  36. 

The  zinc  phosphate  treatment  time  for  all  specimens  used  in  this  study  was 
7  hr  at  80°C.  As  is  evident  from  the  figure,  the  conversion  crystal 
thickness  decreases  dramatically  with  an  increase  in  the  PAA  concentration 
in  the  conventional  phosphatlng  liquid.  Over  a  PAA  concentration  range 
from  0  to  4. OX,  thickness  varied  hr  tween  ~120  and  ~35  pm.  The  presence  of 
4. OX  PAA  in  the  solution  reduced  the  thickness  to  less  than  30X  of  that 
from  the  conventional  liquid.  Although  not  shown  in  the  figure,  it  was 
not  possible  to  deposit  a  coating  on  the  metal  substrate  when  7. OX  PAA  was 
added.  It  is  apparent  that  whan  water-soluble  polyelectrolyte  macromole¬ 
cules  having  an  average  molecular  weight  of  104,000  are  used  aa  a  deposi¬ 
tion-reducing  admixture,  the  concentration  of  the  macromoleculas  in  the 
phosphatlng  liquid  must  be  carefully  estimated  in  order  to  produce  a  crys¬ 
tal  film  of  the  required  thickness  and  coating  weight. 

The  amount  of  the  PAA  polymer  deposition  on  the  metal  substrate  sur¬ 
faces  can  be  estimated  by  using  IP  absorption  spectroscopy.  Since  the 
conversion  of  the  PAA  solution  to  a  solid  polymer  is  essentially  completed 
during  the  process  of  drying  the  deposited  film  surfaces  at  130°C,  the 
powder  samples  for  IR  studies  were  made  by  scraping  the  formed  PAA-zinc 
phosphate  composite  crystal  surfaces.  IR  spectra  were  then  recorded  for 
the  samples  prepared  in  the  form  of  conventional  KBr  discs.  The  composi¬ 
tion  of  the  PAA-modified  phosphatlng  liquid  was  adjusted  by  varying  the 
concentration  of  the  PAA  solution  in  the  range  of  0  to  3. OX. 
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Figure  33.  SM  micrographs  of  adgo  views  of  sine  phosphate  crystal  sections:  metal  surface 
treated  with  conventional  phosphatlng  solution  (a),  and  surface  produced  with  a 
3.0%  PAA-modlfied  phosphatlng  liquid  (b). 


lYSTAL./im 


The  analytical  work  to  coapara  the  quantity  of  tha  dapoaitad  PAA 
polymers  was  focused  on  tha  changes  in  hand  intensity  of  tha  carbonyl 
OO  at  1710  crn*^-  and  the  CH  of  saturated  methylene  at  1*40  cm"*-  which 
represent  the  pendent  and  main  chain  groups  in  the  PAA  polymer  structure. 
Figure  37  shows  the  resultant  IR  spectra  for  these  specimens  over  the  fre¬ 
quency  range  of  1900  to  1300  cffl~l.  Referring  to  the  figure,  the  conspi¬ 
cuous  band  at  1630  cm**’  for  all  specimens  is  assigned  to  the  crystallized 
water  of  Zn*?h  hydrate  films.  Also,  the  intensities  of  the  peaks  at 
1710  and  1440  cm“*  gradually  increase  as  the  PAA  concentration  is  increas¬ 
ed.  This  implies  that  the  quantity  of  PAA  polymer  deposited  is  directly 
proportional  to  the  amount  added  to  the  phosphating  liquid;. 

D.  Surface  Microtexture 

The  nature  of  the  microtexture  of  the  surface  of  the  unmodified  and 
the  PAA-modlfled  Zn  Ph  crystal  coatings  was  studied  by  use  of  scanning 
electron  microscopy  (SEM).  Figure  38  shows  electron  micrographs  of  the 
surface  microstructure  of  the  deposition  compounds  prepared  by  soaking  the 
metal  substrate  in  the  conventional  and  PAA-modified  phosphating  liquids 
for  ~20  hr.  The  conversion  coating  produced  with  the  conventional  liquid 
(see  Figure  38-a)  is  characterized  by  the  formation  of  a  pronounced 
dendritic  microstructure  of  triclinic  Zn«Ph  crystals.  This  morphologi¬ 
cal  image  indicates  an  interlocking  structure  of  rectangular-like  crystals 
which  produces  an  extremely  rough  surface  texture.  In  contrast,  the  metal 
specimens  treated  with  PAA  solutions  had  a  much  smoother  surface.  Figures 
38-b  and  c  show  microtexture  views  of  0.5%  and  2.0%  PAA-treated  metal  sur¬ 
faces,  respectively.  As  seen  in  the  photomicrographs,  the  topographical 
features  were  progressively  changed  from  rough  to  smooth  by  increasing 
concentrations  of  the  PAA  solution.  This  is  probably  due  to  the  multiple 
PAA  polymer  layers  forming  continuously  on  the  surface  of  the  conversion 
crystal  film.  However,  the  thickness  of  the  overlaid  PAA  polymer  films 
was  not  determined  in  this  study. 

It  was  presumed  that  the  cured  PAA  polymers  would  produce  a  mecha¬ 
nically  stable  coating  due  to  the  formation  of  strong  interlocking  forces 
associated  with  the  anchoring  of  the  polymers  into  the  open  surface 


Figure  38.  Photomicrographs  of  natal  surface*  treated  with  conventional 

end  PAA-nodif led  phosphating  liquids:  OX  PAA  (a),  0.5Z  PAA  (b) 
and  Z.OZ  PAA  (e). 


micros tructure  and  microf issures  of  the  crystal  films,  and  the  formation 
of  chemical  intermolecular  attractions  with  the  conversion  Zn*Ph  co,s- 
pounds.  Detailed  information  regarding  the  latter  will  be  disenssed  later 
in  this  paper.  The  thin  PAA  film  formed  on  the  crystals  may  also  act  to 
enhance  the  adherent  properties  of  protective  polymer  topcoat  systems  be¬ 
cause  of  the  presence  of  functional  carboxyl ie  acid  groups  in  the  PAA 
molecular  structure. 

Since  the  PAA  overlayers  can  be  removed  by  rinsing  with  an  organic 
solvent,  considerable  attention  was  given  to  the  contrast  between  the  sur¬ 
face  topographical  features  of  the  conversion  coatings  after  the  PAA  was 
removed.  Metal  surfaces  used  in  the  test  series  were  treated  with  0,  0.3, 
1.0,  and  3. OX  PAA-modlfled  phosphating  liquids,  and  then  washed  with  ace¬ 
tone  to  remove  any  PAA  polymer,  rinsed  with  water,  and  dried  in  a  vacuum 
/  oven  at  130°C.  Resultant  SEM  photomicrographs  are  presented  in  Figure  39. 

Visual  comparison  of  these  micrographs,  shows  the  dimensions  of  the  de¬ 
posited  crystals  to  decrease  with  Increasing  quantities  of  PAA  in  the  con¬ 
ventional  phosphating  liquid.  The  micrograph  of  the  conventional  surface 
treatment  (see  Figure  39-a)  indicates  a  dense  agglomeration  of  rectangu¬ 
lar-like  crystals  ~420  pm  in  length.  Short  rectangular- shaped  crystals, 
~320  um  in  length,  are  produced  by  the  addition  of  0.5X  PAA  (Figure  39-b). 
With  3. OX  PAA,  the  crystal  else  is  ~240  urn,  ~43X  smaller  than  the  conven¬ 
tional  crystal.  Unfortunately,  the  reason  for  this  is  not  evident.  From 
the  viewpoint  of  surface  topographical  features,  examination  further  indi¬ 
cated  that  the  uniformly  configurated  conventional  Zn»Pb  crystal  is  con¬ 
verted  into  randomly  distributed  fine  crystals  as  the  PAA  concentration  is 
Increased.  This  may  be  due  to  the  chemical  transformations  of  the  conven¬ 
tional  crystals  by  polyelectrolyte  macromolecules. 

E.  Chemical  States  of  Surface  and  Subsurface 

The  energy-dispersive  x-ray  (EDX)  spectrometer  coupled  with  SEM  has 
a  high  potential  for  the  quantitative  analysis  of  any  selected  elements 
which  exist  at  solid  composite  material  subsurfaces.  Its  application  can 
greatly  enhance  the  results  as  well  as  facilitate  the  interpretation  of 
SEM  studies.  EDX  spectra  for  conventional  Zn*Ph  end  3.9Z  PAA-modifled 


-99- 


Figure  39,  Alternation  In  the  conventional  cryatal  else  by  PAA  polyelectrolyte  •acroaoleculeat  OX  PAA  (A) 
0.3X  PAA  (B),  1.0%  PAA  (C),  and  3. OX  PAA  (D). 


Zn*Ph  composite  ft  la  surfaces  are  shown  ta  figure  40.  Tha  abaelaaa  of 
the  spectrum  la  tha  x-ray  energy  eharaetcrlatlc  of  tha  alaaaat  present, 
and  tha  intensity  of  a  groaa  paak  count  ta  related  directly  to  tha  aaount 
of  aaeh  alaaaat  praaaat.  Aa  aaaa  ia  tha  figure,  it  appaara  froa  tha  two 
strong  paak  latanaltiaa  that  tha  pradoalaaat  alaaanta  in  althar  tha  single 
or  tha  coapoalta  conraraioa  coating*  ara  Za  aad  P  atoaa.  Coapariaon  of 
count  rataa  for  tha  Za  and  P  paak*  ladleataa  that  thara  ia  aora  Za  la  tha 
coating  system  than  P.  Datallad  information  regarding  tha  Zn-to-P  count 
ratio  aa  a  function  of  PAA  coneantratloa  will  be  dlacuaaad  later.  Tha 
spectra  also  exhibited  a  weak  paak  of  7a,  which  ia  produced  by  tha  oxida¬ 
tion  of  aatal  aurfaeaa.  Since  photo-excited  EDX  ia  uaaful  for  tha  elemen¬ 
tal  analysis  of  layout  which  are  several  aleron  thick,  tha  Pa  paak  sug¬ 
gest*  that  some  Za  at  distances  up  to  several  microns  from  tha  composite 
film  surface  is  likely  to  be  replaced  by  Pa. 

Changes  in  tha  paak  Intensity  of  Pa  by  varylag  PAA  concentrations  ara 
also  of  Interest.  In  Pigura  40 -b  it  is  apparent  that  tha  Pa  peak  frequen¬ 
cy  for  tha  3.0Z  PAA  composite  layer  ia  much  stronger  than  for  the  conven¬ 
tional  phosphate  coating.  Although  not  illustrated  in  tha  figure,  tha  Pa 
frequency  was  observed  to  grow  with  an  increasing  PAA  concentration.  This 
implies  that  the  thinner  crystal  deposition  layers  produced  by  Incorpora¬ 
ting  large  amount*  of  PAA  solution  consist  of  hybrid  compounds  of  sine  and 
ferrous  phosphate  hydrates. 

The  EDX  studies  were  also  focused  on  the  variation  in  Zn  and  P  paak 
intensities  for  composite  subsurfaces  before  and  after  rinsing  with  ace¬ 
tone  solvent.  Pigura  41  illustrate*  EDX  surrey  spectra  for  unrinsed  and 
the  ace tone- rinsed  4. OX  PAA  composite  subsurfaces.  Tha  spectrum  for  tha 
untreated  composite  layer  (Pigura  41-a)  is  characterised  by  the  conspicu¬ 
ous  frequency  of  Za  which  is  tha  dominant  element  in  this  system.  In  con¬ 
trast,  the  spectrum  for  tha  subsurface  composite  disclosed  by  removing  tha 
PAA  maeromoleeular  overlayer  from  tha  crystal  surfaces  (Pigura  41-b),  ex¬ 
hibited  a  noticeable  transmutation,  namely,  the  intensity  of  tha  Zn  paak 
became  much  weaker  compared  to  that  of  P.  Evan  whan  smaller  concentra¬ 
tions  of  PAA  ware  used  to  modify  the  conventional  Zn»Ph  layers,  similar 
spectral  features  wars  recorded  for  tha  ace tooa- tree ted  composite  coating 
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Figure  40.  EDX  analysis  of  unmodified  (*),  «W  3.  OX  PAA-aodlf led  sine  phosphate 
(b),  conversion  costing  surfaces. 
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subsurfaces.  This  surprising  result  seeas  to  demonstrate  thst  s  certain 

amount  of  Za  Is  transferred  to  tha  latsrfaelal  contact  layers  of  PAA  aac- 

romoleeules  fro*  tha  outeraost  Zn*Ph  surfaea  sita.  Hanca,  It  was  con- 

cludad  that  tha  transitional  Zn  alaaant  existing  la  tha  Zn-Ph  aolacular 

struetura  ra suits  in  strong  intarfaclal  in tarnol scalar  attraction  with  tha 

functional  groups  of  PAA  polymers.  * 

Tha  dagraa  of  tha  chan  leal  attraction  batwaan  tha  PAA  and  tha  Zn 
alanant  can  ba  quantitatively  analysad  by  eoaparlng  tha  ratio  of  Zn  to  P 
atoa  paak  counts  for  tha  aea tons- traa tad  coaposlta  surfacas.  An  ain  in 
tha  acatona  traataant  for  tha  coaposlta  surfacas  was  to  raaora  not  only 
tha  bulk  PAA  polyaar  owarlaid  on  tha  crystal  surfacas,  but  also  tha  PAA- 
basad  raaetlon  products  foraad  at  tha  latarfaea.  For  comparison  purposes, 

Zn  to  P  count  ratios  for  untreated  surfaces  ware  also  computed.  These 
analytical  results  are  listed  in  Table  3.  For  tha  untreated  coaposlta 
layers,  the  data  indicated  that  tha  Zn/P  count  ratio  did  not  change  vary 
much  with  increased  PAA  concentration.  Ratios  ranged  from  1.28  for  tha 
conventional  sine  phosphate  layers  to  1.34  for  2.0%  PAA-aodlfled  coaposlta 
coating  surfacas.  Xn  contrast,  tha  Zn/P  ratio  values  for  tha  acetone- 
rinsed  coaposlta  surfacas  appear  to  ba  affected  by  the  PAA  contant.  As  is 
evident  from  tha  table,  tha  Zn/P  ratios  tend  to  daeraasa  with  an  .ncraase 
in  PAA  aaeroaoleeules.  Tha  value  of  0.77  at  2. OX  PAA  is  ~40Z  lower  than 
that  for  saaplas  without  PAA.  This  correlation  suggests  that  tha  poly- 
electrolyta  aaeroaoleeules  have  a  stronger  eheaieal  affinity  for  Zn  than 
for  P.  Consequently,  tha  Zn  bound  eheaieal ly  to  tha  PAA  algrated  as  a 
result  of  the  rinsing  with  acatona.  Froa  these  observations,  it  can  ba 
speculated  that  whan  tha  polyacld  is  introduced  into  tha  slnc-phoaphating 
liquid,  an  appreciable  number  of  divalent  Zn  ions  era  preferentially  taken 
up  by  tha  functional  carboxylic  acid  (COOH)  pendant  groups  in  tha  PAA  aac- 
roaoleeules  which  appear  to  act  as  a  miniature  ion-exchange  systea.  The 
binding  of  the  Zn  ions  may  ba  essentially  electrostatic  in  character, 
since  ordinary  equilibrium  considerations  cannot  account  for  tha  binding 
quantitatively.**  Hanca,  tha  reversible  salt  eowplex  formation  consist¬ 
ing  of  COO*  Za2*  coordinated  groups  could  ba  obtained  by  a  charge  transfer 
interaction  between  tha  carboxylate  anions  (COO*)  formed  by. tbs  proton 
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TABLE  3 


Ratio  of  Zq 
Composite 


to  P  Atom  EDX  Gross  Pealt  Counts  for  PAA-Zinc 
Films  Before  and  After  Rinsing  With  Acetone. 


Phospha  te 


Zn/P  Ratio 

PAA ,  - 

Z  Untreated 

composite  layers  After  rinsing  with  acetone 


o 

e 

o 

1.28 

1.28 

o.5 

1.39 

0.87 

1.0 

1.30 

0.81 

2.0 

1.34 

0.77 
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donor  characteristics  of  th«  COOH  groups  and  tha  active  nsucleophillc  Zn^+ 
Iona  diasoclatad  froa  Zn3(P04>2*2H20  in  tha  p ho a p ha ting  solutions.  Tha 
formation  of  tha  complex  struetura  which  involves  intramolecular  pairs  of 
COO"  groups  assoclatad  with  Zn  ions  in  tha  zinc  phosphate  depositing 
stages  may  play  a  key  role  in  restraining  the  conversion  crystal  growth, 
resulting  In  tha  production  of  a  finely  crystalline  Zn*Ph  deposition. 

Accordingly,  considerable  attention  was  given  to  understanding  the 
nature  of  the  Interaction  at  PAA-Zn  interfaces  during  the  transformation 
from  a  solution  state  to  a  solid  conversion  film.  Assuming  that  the  for¬ 
mation  of  the  interfacial  bonding  is  a  local  phenomenon  involving  only  a 
few  atom  layers  of  PAA  and  Zn,  a  highly  sensitive  analysis  technique  such 
as  x-ray  photoelectron  spectroscopy  (XPS)  was  considered  as  appropriate 
for  obtaining  reliable  information  regarding  the  chemical  interfacial  in¬ 
teractions.  XPS  can  be  used  to  Identify  the  chemical  states  and  to  obtain 
quantitative  elemental  analyses  of  thin  surface  layers  ranging  froa  3  to 
30  X.  Identifications  can  be  made  from  precise  determination  of  binding 
energies,  peak  shapes,  and  other  spectral  features.  Quantitative  analyses 
are  made  froa  XPS  peak  heights  or  areas.  Zn  our  approach  to  the  inter¬ 
face,  it  was  considered  desirable  to  Investigate  the  interface  before  the 
occurrence  of  mechanically  or  chemically  induced  failure.  Therefore,  the 
surfaces  of  compcslte  layers  containing  the  PAA  overlayers  were  studied  to 
determine  the  nature  of  chemical  Interactions.  Three  coating  surfaces, 
conventional  sine  phosphate  and  1.0Z  and  2. OX  PAA-modlfied  Zn*Ph,  were 
employed  in  this  test  series. 

Resultant  XPS  spectra  indicated  only  four  elements— Zn,  P,  0,  and 
C--to  be  present  on  the  composite  coating  surfaces.  On  the  basis  of  the 
binding  energies  (eV)  of  their  XPS  lines,  the  chemical  states  of  Zn  and  P 
are  assigned  to  the  sine  and  phosphorous  compounds  and  carbon  is  attribut¬ 
ed  to  the  organic  PAA  polymers.  Oxygen  is  present  in  both  the  inorganic 
compounds  and  PAA  layers.  The  presence  of  7e  in  the  several-micron- thick 
crystal  layer,  which  was  clearly  confirmed  by  EDX  spectra,  could  not  be 
identified  on  the  XPS  spectrum.  This  indicates  that  Fe  atoms  do  not  ex¬ 
ist  within  3  X  of  the  top  surface  of  the  composite  coatings. 
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Figure  42  shows  typical  survey  spectra  of  the  zinc  2p,^  and 
2?3/ 2Cor*  **v®*4  and  illustrates  differences  in  peak  shape  and  peak 
intensity  between  unmodified  and  PAA-modified  phosphate  layers.  The 
spectrum  of  the  control  surface  is  characterized  by  photoelectron  peaks  at 
two  levels  of  adsorption  in  the  binding  energy  ranges  of  1043  to  1046  e7 
and  1024  to  1023  eV.  It  is  of  interest  that  these  double  peaks  were 
shifted  to  single  peaks  by  the  incorporation  of  PAA.  The  spectra  also 
show  that  the  relative  peak  intensity  tends  to  decrease  with  increasing 
PAA  concentrations.  In  contrast,  no  significant  changes  in  peak  intensity 
and  binding  energy  were  observed  from  the  phosphorus  2p  core  level  spectra 
of  the  PAA-Zn*Ph  system  layers.  This  is  shown  in  Figure  43.  The  phos¬ 
phorus  2p  peak  shapes  for  1.02  and  2.02  PAA-modified  composite  layers  are 
quite  similar  to  the  peak  shape  of  the  control  layer  and  have  adsorption 
levels  at  •'*135.5  and  ‘'*134.3  eV.  These  results  clearly  suggest  that  the 
functional  PAA  raacromolecules  are  more  strongly  bound  to  the  surface  Zn 
atom  rather  than  to  an  inert  P  atom.  Figure  44  exhibits  XPS  signatures  of 
oxygen  IS  core  levels.  For  the  control  layer,  the  peak  at  532.9  eV 
assigns  to  the  oxygen  as  P-0  and  Zn-0  bonds.  However,  it  is  not  yet  clear 
whether  it  will  be  possible  to  distinguish  the  oxygen  from  either  P-0  or 
Zn-0.  As  is  evident  from  the  figure,  the  oxygen  peaks  associated  with  the 
presence  of  PAA  are  shifted  slightly  to  higher  in  binding  energies.  The 
shifting  peak  was  0.3  eV  higher  than  the  control  layer.  This  difference 
implies  that  the  oxygen  induced  from  the  PAA-overlaid  composite  layers  is 
related  to  that  of  COOH  groups  located  in  the  pendent  sites  in  the  PAA 
molecular  structure.  For  the  0  l8  peak  for  the  PAA  composite  layers,  the 
peak  intensity  at  2.02  PAA  is  fairly  weak  compared  to  that  for  1.02  PAA. 
This  seems  to  suggest  that  the  presence  of  a  large  number  of  COOH  groups 
leads  to  a  stronger  chemical  affinity  for  the  zinc  atoms. 

The  chemical  accessibility  of  the  COOH  groups  to  the  Zn  atom  can  be 
estimated  from  the  shift  in  binding  energy  of  carbon  IS  at  ~290  eV  which 
ascribes  to  the  polar  C*0  groups.  To  obtain  this  information,  two  dif¬ 
ferent  PAA-Zn*Ph  composite  layers  were  used.  One  was  a  PAA-modified 
phosphate  crystal  conversion  film  produced  from  a  0.52  PAA-zlne  phosphat- 
ing  mix  liquid;  the  other  was  a  PAA-eoated  crystal  layer  formed  by  means 
of  vacuum  vapor  deposition  of  the  PAA  solution  on  a  preformed  phosphate 
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crystal  surface.  The  latter  was  prepared  oa  the  assumption  that  a  strong 
chemical  Interaction  at  PAA-Zn  atom  interfaces  would  not  occur.  Two  C  s 
spectra  for  these  layers  are  illustrated  in  Pigure  45.  The  spectrum  for 
the  PAA-coated  layer  exhibits  a  predominant  peak  at  284.9  eV  and  a  minor 
peak  at  289.8  eV.  The  former  binding  energy  is  associated  with  the 
characteristic  alkane  line  contribution  expressed  in  terms  of  the  backbone 
carbon,  and  the  latter  reveals  the  OO  in  the  pendent  COOH  groups.  When 
compared  to  the  two  peaks  for  the  coated  layer,  conversion  layer  peaks  are 
shifted  significantly  to  a  high  binding  energy.  The  difference  between 
the  binding  energy  values  was  1.4  eV  for  the  alkane  line  and  0.6  eV  for 
the  OO.  The  figure  also  shows  that  the  peak  intensity  of  the  alkane  line 
for  the  conversion  layer  is  approximately  the  same  as  for  the  coated 
layer.  Xn  contrast,  it  appears  that  the  peak  Intensity  of  the  OO  is 
considerably  greater  than  for  the  coated  layer.  This  change  in  peak  shape 
and  Increase  in  binding  energy  is  probably  due  to  the  strong  accessibility 
of  the  functional  side  COOH  groups  to  the  metallic  atoms.  On  the  other 
hand,  the  strong  Increase  in  bonding  energy  of  the  alkane  line  for  the 
conversion  layer  is  likely  to  represent  changes  in  conformation  of  the 
linear  backbone  chains  which  are  assumed  to  be  planar  or  zigzag. 

From  the  results  of  the  above  EDX  and  XPS  spectra  analyses.  It  is 
speculated  that  the  interfaeial  interaction  between  COOH  and  Zn  which 
transforms  the  PAA-zine  phosphate  solution  into  solid  composite  films  is 
due  to  the  following  hypothetical  mechanisms:  the  pro ton- dona ting  func¬ 
tional  COOH  groups  chemisorbed  stTongly  with  the  Zn  atom  at  the  outermost 
surface  sites  of  Zn*Ph  crystal  layers  are  converted  into  COO"  anions. 

These  anions  induce  strong  ionic  interactions  associated  with  charge 
transfer  bonding  mechanisms.  Subsequently,  the  converted  COO"  groups  are 
transformed  into  unique  bridge  formations  through  a  cross-linking  reaction 
with  Zn  atoms.  Hence,  Increased  amounts  of  PAA  will  increase  the  degree 
of  the  cross-linking  reaction.  This  also  suggests  that  the  chemical 
effect  of  the  surface  Zn  atoms  results  in  intermolecular  bridging,  which 
acts  to  connect  the  PAA  macromoleeular  and  the  zinc  phosphate  layers.  On 
the  other  hand,  the  newly  formed  CUO-Zn  bond  may  act  to  break  the  original 
zinc-oxygen  bond  in  the  zinc  phosphate  molecular  structure.  In  fact,  as 
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PAA-Modified  Zinc  Phoaohate  layers 


confirmed  from  the  EDX  spectre  analysis,  the  reaoral  of  Zn-eomplexed  PAA 
macromolecules  by  rinsing  with  acetone  solvent  apparently  confirmed  that 
the  original  Zn-0  bonding  force  is  such  weaker  than  the  COO-Zn  bond.  The 
tightly  bound  oxygen-phosphorus  joint  in  the  crystal  Molecules  is  likely 
to  be  unaffected  by  COO-Zn  coeplsx  formations. 

The  reduction  of  Zn-0  bonding  forces  caused  by  increasing  PAA  concen¬ 
tration  was  qualitatively  interpreted  using  IR  spec trome try.  IR  measure¬ 
ments  were  made  on  PAA-croas-1 inked  Zn*Ph  powder  samples  (size  0.04  mm) 
removed  by  scraping  the  substrate  surface.  The  IR  spectra  for  the  samples 
prepared  in  the  form  of  KBr  discs  were  recorded  in  the  range  1200  to  1000 
cm~l.  The  resultant  IR  spectra  for  all  the  Zn*Ph  samples  modified  with 
up  to  3. 0Z  PAA  were  characterized  by  the  presence  of  two  conspicuous 
absorption  bands.  Table  4  presents  the  positions  of  the  two  bands  ob¬ 
tained  in  this  study.  In  the  0.5%  PAA-Zn*Ph  system,  the  first  absorp¬ 
tion  band  at  1110  cm"*  would  seem  to  be  due  to  the  P-0  double  bond,  and 
the  second  band  at  1030  cm"*-  is  assigned  to  the  stretching  frequencies  of 
P-O"  groups.*7  As  shown  in  Table  4,  the  positions  of  these  two  bands 
tend  to  shift  to  lower  frequencies  as  the  PAA  content  increases.  It  ap¬ 
pears  that  the  band  shift  is  dependent  on  the  PAA  concentrations  in  the 
Zn*Ph  hydrate.  Even  though  the  position  of  the  Zn-0  frequency  is  not 
detectable  in  the  Zn*Ph  compounds,  it  can  be  Interpreted  that  such  a 
pronounced  shift  of  both  the  P-0  and  P-0"  frequencies  may  be  due  to  the 
reduction  of  the  bonding  energy  between  nonbridging  oxygen  ions  and  zinc 
ions  in  the  P-O-Zn  units.  This  implies  that  the  extended  PAA-Zn  bonding 
force  leads  to  a  weaker  Zn-0  bond.  However,  the  transformation  mechanisms 
and  conversion  processes  for  PAA-cross-1 inked  Zn*Ph  layers  from  its 
solution  state  to  a  solid  film  are  not  evident  from  these  limited  data. 

Attempts  to  identify  the  crystalline  conversion  products  of  the  PAA- 
zine  phosphate  systems  were  made  using  x-ray  powder  diffraction  (XRD)  and 
differential  scanning  calorimetry  (DSC).  Both  are  reliable  methods  for 
detecting  the  constitution  and  alteration  of  deposition  surface  layers. 

XRD  using  Cu  Ka  radiation  at  30  kV  and  16  mA  and  DSC  at  a  heating  rate  of 
10°C/min  in  N2  gas  were  conducted  on  unmodified  and  1.0%  PAA-modif led 
Zn*Ph  powders. 
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TABLE  4 

Variation  In  Xnfrarad  Absorption  Band  Poaitiona  For  Ztne  Phosphata 
Compounds  aa  a  Function  of  PAA  Contant. 


Znfrarad  absorption  band  positions  (ca“l) 

PAA ,  - 

Z  P“ 0  groups  P-0  ”  groups 


XRD  tracings  recorded  In  the  diffraction  range  4.67  to  2.49  X  for 
powdered  aaaplea  are  given  in  Figure  46.  For  the  control  saaplea,  the 
atrong  lines  at  4. SI  and  2.83  X,  the  medium  intensities  at  3.44  and 
3.36  X,  and  the  weak  diffractions  at  3.99,  2.62,  and  2.S9  X  are  near 
Ir  identical  to  the  XRD  pattern  for  sine  orthophosphate  hydrate 
[Za3(P0^)2*4H20] .  Although  the  pattern  shows  other  weaker  lines 
which  night  represent  sone  unidentified  phosphate  compounds,  the  major 
phase  of  crystalline  conversion  products  yielded  from  the  conventional 
zinc  phosphating  treatment  is  believed  to  be  hopeite.  In  contrast,  XRD 
patterns  for  the  1.0Z  PAA  composite  layer  ravealed  quite  different  spec- 
Inga,  compared  with  those  of  the  control.  This  suggests  that  the  PAA 
leads  to  the  transformation  of  the  hopeite  into  the  Zn«Ph  compound 
phases  having  different  chemical  constituents  and  structures.  The  pattern 
in  the  limited  diffraction  regions  seems  to  demonstrate  that  the  trans¬ 
formed  deposition  layers  consist  of  a  hybrid  phase  of  the  ternary  Zn»Ph- 
based  hydration  compounds.  One  of  these  compounds  was  identified  as 
tertiary  zinc  orthophosphate  dihydrate,  Znj^O^jj’Zl^O ,  represented  by 
the  broad  spacings  at  3.17  and  2.91  X  and  the  small  diffraction  effects 
at  3.01,  2.61,  and  2.50  X.  The  presence  of  other  unknown  products  is 
evident  from  the  medium  lines  at  4.18  and  3.91  X.  However,  a  speculative 
mechanism  for  the  transformation  into  the  dihydrate-based  Zn*Ph  layers 
by  the  PAA  is  not  clear  at  present.  The  role  of  Zn-complexed  PAA  macro¬ 
molecules  in  transforming  the  conventional  zinc  phosphate  molecular  struc¬ 
tures  remains  a  subject  for  speculation  and  further  research  is  required. 

In  support  of  the  XRD  data,  typical  DSC  thermograms  recorded  as  a 
function  of  temperature  during  the  thermal  decomposition  of  these  samples 
are  illustrated  in  Figure  47.  The  thermal  measurements  were  performed  in 
the  temperature  range  50°  to  400°C.  The  thermogram  for  the  control  sam¬ 
ples  shows  endothermic  peaks  at  80°,  175°,  225°,  and  235°C.  The  very 
slight  endothermic  peak  at  80°C  indicates  a  loss  of  moisture  adsorbed 
on  the  sample  surfaces.  The  prominent  peak  at  225°C,  with  an  onset 
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Powder  x-ray  diffraction  patterns  of  unaodlfled  and  1.0%  PAA-eodifled  sine  phosphate  crystal  layers 


[Figure  47 


teaperature  of  decomposition  at  -175°C,  is  associated  with  tha  dehydration 
of  the  crystallised  and  coordinated  water  reaoved  froa  the  saaples.  The 
dehydration  can  also  be  recognised  froa  an  extreae  reduction  in  the  ab¬ 
sorption  intensity  at  1630  cm"1  frequency  on  the  XR  speetrua  for  saaples 
heated  to  223°C.  The  peak  at  235°C  say  aean  the  approach  to  the  end  of 
the  transition  froa  the  hydrated  to  the  unhydrated  sine  orthophosphate. 

On  the  other  hand,  the  eodo the real  curve  for  PAA-complexed  Zn*Ph  layers 
indicates  that  the  aajor  thermal  decomposition  of  the  saaples  begins  at 
~L60°C  and  the  rate  of  decomposition  rises  to  a  saxiaua.  This  is  followed 
by  increasing  decoaposition  heat  which  reaches  a  aain  peak  at  200°C  and 
subsequently  leads  to  the  generation  of  a  new  endo thermal  peak  at  310°C. 
The  latter  nay  represent  the  teaperature  approaching  the  end  of  the 
transition  phase.  The  teaperature  at  this  aajor  peak  corresponds  to  a 
25°C  reduction  in  the  decoaposition  teaperature,  compared  with  that  of  the 
control.  This  shift  is  likely  to  be  associated  with  a  low  degree  of  crys¬ 
tallinity  of  the  Zn*Ph  hydrate  formed  by  the  complex  reaction  with  PAA. 

The  conventional  sine  layer  is  highly  crystalline  which  results  in  a  brit¬ 
tle  nonflexlble  material.  The  lower  crystallinity  of  the  PAA-aodlfled 
films  aakes  then  more  flexible.  This  is  discussed  in  the  next  section. 
Consequently,  the  results  from  the  XRD  and  DSC  studies  suggest  that  the 
addition  of  PAA  to  the  conventional  layers  results  in  the  asseably  of  hy¬ 
brid  Zn«Ph  crystalline  phases  consisting  of  constituents  and  a  chaalcal 
structure  different  froa  those  of  the  conventional  fils.  Furthermore,  the 
functional  polyscld  aaeroaol ocular  acts  to  reduce  the  degree  of  crystal¬ 
linity  of  the  Zn*Ph  hydrate  deposited  on  the  aetal  substrate  surfaces 
and  also  leads  to  the  production  of  finely  crystallised  coating  layers. 

F.  Elastic  Behavior 

The  ductility  and  toughness  properties  of  the  crystalline  conversion 
film  itself  are  of  considerable  Importance  when  the  physical  deformation 
characteristics  of  the  aetal  substrates  are  considered.  For  instance,  in¬ 
creased  thickness  of  the  deposition  film  layers  aakes  tho  film  increasing¬ 
ly  brittle,  thereby  enhancing  the  potential  for  failure  during  flexure  or 
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other  deformation.  Generally,  deformation  failure*  of  the  layer*  haring  a 
low  stiffness  characteristic  relate  directly  to  the  development  of  micro¬ 
pores  and  fissures  which  reduce  the  effectiveness  of  corrosion-resistant 
coatings.  • 

Figure  48  is  a  typical  stress-strain  diagram  for  control  and  2Z  PAA- 
coaplexed  Zu*Ph  layers  deposited  on  netal  surfaces.  The  stress  was  com¬ 
puted  assuailng  elastic  behavior  of  the  flexural  member,  and  the  strains 
were  computed  from  the  deflection  measurements. 

In  the  figure,  the  elastic  region  is  the  straight-line  portion  of  the 
stress-strain  curve  from  zero  strain  to  the  strain  at  point  A.  The  elas¬ 
tic  behavior  implies  the  absence  of  any  permanent  deformation,  so  that 
point  A  is  termed  the  proportional  limit  of  the  material.  The  slope  of 
the  line  from  the  origin  to  A  is  the  elastic  modulus  E.  Physically,  E  re¬ 
presents  the  stiffness  of  the  material  to  an  imposed  load.  The  resultant 
flexural  modulus  for  PAA-complexed  layers  was  computed  to  be  9.53  x  10& 
psl  (6.57  x  1()4  MPa),  corresponding  to  a  value  more  than  twice  that  of  the 
control  specimens.  This  suggests  that  the  stiffness  of  conventional  crys¬ 
tal  layers  can  be  Improved  significantly  by  the  incorporation  of  PAA. 

The  stress  associated  with  the  yield  point  of  a  layer  is  represented  . 
by  the  position  of  the  Him  ab  in  Figure  48.  The  flexural  stress  at  the 
yield  point  for  the  control  was  Increased  by  a  factor  of  1.7  by  adding  a 
2 Z  concentration  of  PAA.  In  addition,  the  stress  of  the  complexed  layer 
during  yielding  Increased  somewhat  with  an  extended  strain,  and  an  ulti¬ 
mate  stress  of  33.6  x  103  psl  (232  MPa)  was  obtained  at  1.08Z  strain. 
Further  Increases  in  strain  resulted  in  stress  reduction.  In  contrajt, 
the  control  exhibited  no  Increase  in  stress  after  the  onset  of  yielding 
deformation  was  noted.  The  deformation  takes  place  at  an  essentially  con¬ 
stant  stress  of  19.2  x  103  psl  (132  MPa)  until  the  stress  reduction  occurs 
around  0.75Z  strain. 

The  magnitude  of  the  relative  toughness  of  the  materials  can  be  ob¬ 
tained  from  the  stress-strain  curves  by  drawing  perpendicular  lines  from 
the  ends  of  the  curves  to  the  strain  coordinates  and  then  measuring  the 
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Figure  48.  Flexural  stress-strain  relatione  for  unmodified  and  2%  PAA-modified  sine  phoaphate 
crystal  conversion  coatings. 
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total  area  under  th«  curves.  The  area  for  the  complex  specimens  was  con¬ 
siderably  greater  than  that  for  the  control  specimens.  This  apparently 
verifies  that  the  deformation  nature  of  the  conventional  crystal  deposi¬ 
tion  can  he  made  more  ductile  by  the  formation  of  a  complex  structure  with 
PAA  macromolecules. 

Figure  49  shows  the  flexural  modulus  plotted  against  PAA  concentra¬ 
tion.  The  curve  Indicates  that  in  the  PAA  concentration  range  from  0.4  to 
3. OX,  the  modulus  Increases  progressively.  The  maximum  flexural  modulus 
of  99.0  x  105  psi  (63.2  x  10^)  was  obtained  at  a  3. OS  concentration,  which 
is  an  improvement  of  more  than  a  factor  of  2  over  specimens  without  PAA. 
Further  PAA  additions  result  in  modulus  reductions.  Similar  trends  were 
observed  from  the  results  of  stress  at  the  yield  points  of  these  speci¬ 
mens.  A  yield  stress  of  18.1  x  10^  psi  (123  MPa)  for  the  control  speci¬ 
mens  was  increased  by  a  factor  of  1.7  by  the  modification  with  3  .OX  PAA. 

On  the  other  hand,  changes  in  thickness  and  fineness  parameters  of 
the  deposited  complex  crystals  appear  to  have  a  direct  effect  on  the  stif¬ 
fness  and  toughness  of  the  crystalline  layers.  Therefore,  changes  in 
these  parameters  resulting  from  variations  in  the  PAA  concentration  over 
the  range  of  0  to  4.0Z  were  assessed  from  SEM  Images.  Factors  which  ap¬ 
peared  to  affect  the  mechanical  properties  of  the  crystals  were  then  cor¬ 
related  with  flexural  modulus  values  for  the  coatings. 

The  variation  in  flexural  modulus  as  a  function  of  the  average  thick¬ 
ness  of  the  crystal  is  given  in  Table  3.  It  is  apparent  that  the  modulus 
value  increases  markedly  with  a  decrease  in  the  crystal  thickness,  ranging 
from  120  to  52  pm.  Further  decreases  in  thickness  are  likely  to  result  in 
reductions  in  the  modulus.  The  maximum  modulus  was  obtained  with  an  •'-50 
um  thick  layer,  which  is  representative  of  the  most  suitable  crystal 
thickness  value. 

Since  the  PAA  overlayers  can  be  removed  with  an  organic  solvent 
rinse,  considerable  attention  was  given  to  the  contrast  between  the  rela¬ 
tive  crystal  fineness  of  the  conversion  coatings  under  the  PAA.  Metal 
surfaces  used  in  this  test  series  were  treated  with  0,  0.5,  2.0,  and  4. OX 
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FLEXURAL  MODULUS,  x  I05  psi  (  x  I03  MPa) 


TABLE  5 


Relation  Between  Crystal  Thickness  and  Flexural  Modulus 


PAA, 

Average  thickness, 
um 

Flexural  modulus, 
x  105  pai  (x  103  MPa) 

0.0 

120 

46.2  (31.8) 

0.4 

82 

73.8  (50.9) 

1.0 

70 

86.5  (59.6) 

2.0 

63 

95.3  (65.7) 

3.0 

52 

99.0  (68.2) 

4.0 

35 

92.1  (63.5) 

123 


PAA-modifled  phosphatlng  liquids,  and  than  washed  with  acetous  to  remove 
auy  PAA  polymer.  The  plates  were  then  vinsed  with  water  and  dried  in  a 
vacuum  oven  at  150°C.  The  changes  in  crystal  size  as  a  function  of  PAA 
concentration  were  observed  using  SEM.  Visual  comparison  of  these  micro¬ 
graphs  confirms  that  the  dimensions  'f  the  deposited  crystals  decrease  as 
the  quantity  of  PAA  in  the  conventional  phosphating  liquid  is  increased. 
The  micrograph  for  the  surface  treated  conventionally  indicated  a  dense 
agglomeration  of  rectangle- like  crystals  ~420  um  in  length.  This  crystal 
length  was  reduced  by  half  by  the  addition  of  2.0Z  PAA.  With  4. OX  PAA, 
the  conversion  formation  consisted  of  short  rectangularly  shaped  coarse 
crys^.s  ranging  in  size  from  ''*180  to  ~20  pm. 

From  the  viewpoint  of  surface  topographical  features,  the  SEM  images 
indicated  that  the  uniformly  distributed  conventional  Zn*Ph  crystal  is 
converted  into  randomly  distributed  fine  crystals  as  the  PAA  concentration 
is  increased.  Thus,  the  dense  arrangement  of  very  fine  crystals  formed 
irregdlarly  on  the  substrate  surfaces  resulted  in  a  modulus  somewhat  lower 
than  that  for  layers  having  a  desirable  crystal  size.  The  most  effective 
crystal  length  achieve  the  high  modulus  was  consequently  noted  to  be  in 
the  range  of  ^200  to  60  urn.  The  optimum  crystal  formation,  therefore, 
appears  to  be  a  highly  dense  agglomeration  of  complex  crystals  ~50  um 
thick  and  ~60  to  200  um  in  length. 

The  increase  in  the  stiffness  of  the  layers  is  not  only  due  to  the 
thickness,  fineness,  and  density  of  the  plasticized  convert  .'.on  formations, 
but  also  is  associated  with  the  average  molecular  weight  of  the  PAA.  The 
effect  of  the  PAA  molecular  weight  (M.W, )  on  the  flexural  modulus  of  the 
precoat  layers  was  investigated  over  a  M.W.  range  of  5  x  102  to  2.5  x 

In  these  studies,  the  complex  precoats  were  derived  from  a  mix  solu¬ 
tion  prepared  by  Incorporating  a  3Z  concentration  of  the  various  PAA  poly¬ 
mers  into  the  conventional  zinc  phosphating  solution.  Figure  50  shows  the 
correlation  between  the  flexural  modulus  and  the  molecular  weight  of  the 
PAA.  The  cu'nre  indicates  that  the  modulus  related  directly  to  the  molecu¬ 
lar  weight.  The  use  of  PAA  with  a  molecular  weight  of  2.4  x  10^  resulted 
in  the  formation  of  crystal  layers  having  a  modulus  1.6  times  greater 


MOLECULAR  WEIGHT  OF  PAA 


Chao  that  of  tha  layers  produced  with  PAA  of  M.tf.  5  x  10*.  The  layers 
derived  f  row  acrylic  acid  aonoaer  exhibited  a  nodal  us  of  58.3  x  10^  pel 
(40.2  x  l<)3  MPa),  ~7X  lower  than  that  from  M.W.  5  x  10*.  These  results 
suggest  that  the  M.W.  of  the  PAA  polyaer  plays  au  ieportant  role  in  in¬ 
creasing  tha  stiffness  of  the  eoaples  conversion  Layers.  This  increase  in 
stiffness  also  increases  the  ductility. 

C.  Adhesion  at  Topcoat/Precoat  Interface 

Necessary  properties  for  the  conplex  conversion  films  are  chealcally 
and  physically  attractive  surfaces  which  promote  adhesion  to  organic  poly¬ 
aer  t o pc oa tings,  and  the  ability  to  fora  corrosion-resistant  protective 
coatings  on  aetal  substrate  surfaces.  With  regard  to  the  former,  the  pre¬ 
sence  of  the  functional  PAA  polyaer  on  the  eoaplex  precoating  surface 
results  in  a  film  which  acts  in  a  Banner  similar  to  a  primer  for  conven¬ 
tional  polyaer  topcoats.  This  prlaer  formation  displays  an  ability  to 
proaota  bonding  forces  at  the  interfaces  between  the  complex  precoating 
and  tha  polyaer  topcoating  materials.  The  intarfacial  adhesive  aechanisa 
was  inferred  to  be  due  primarily  to  polyaer  -  polymer  chemical  affinity. 
Hence,  it  can  be  expected  that  the  elastic  behavior  of  the  precoating 
sites  in  the  chealcally  bonded  interfacial  region  depends  primarily  on  the 
mechanical  and  adhesive  characteristics  of  the  organic  materials  employed 
as  the  topcoating  systea.  These  properties  include  the  aoduius  of  elasti¬ 
city,  tensile  strength,  and  elongation  for  the  polyaer  topcoat  materials 
and  the  bond  strength  at  the  topcoat-precoat  Interface. 

A  study  was  conducted  to  understand  the  interplay  between  the  topcoat 
and  precoat  in  improving  the  stiffness  and  ductility  of  the  crystal  con¬ 
version  layers.  The  two  different  topcoating  systems  described  in  the 
Materials  Section,  polyurethane  (PO)  classified  as  an  elastoaerlc  polyaer, 
and  furan  (PR),  a  glossy  polyaer,  were  used  in  the  study.  Soae  mechanical 
properties  of  these  polymers  are  given  in  Table  6.  As  is  indicated  in  the 
table,  the  aoduius  of  elasticity  for  the  FR  polyaer  was  2.28  x  105  psl 
(1.37  x  l()3  MPa),  greater  by  an  order  of  magnitude  than  that  of  the  PTJ 
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TABLE  6 


Mechanical  Properties  of  Glassy  Furan  and  Elastomeric  Polyurethane 


Polymers  Used  as  Topcoating  Systems 

Topcoating 

Modulus  of  elasticity, 
psl  (MPa) 

Tensile  strength, 
psl  (MPa) 

Elongation 

Z 

furan 

2.28  x  105  (1.57  x  103> 

1820  (12.5) 

1 

polyurethane 

1.47  x  10*  (1.01  x  102) 

3390  (23.4) 

1040 

polymer.  The  tensile  strength  and  elongation  values  for  tha  elastomeric 
PU  art  considerably  highar  than  thoaa  of  tha  glassy  PR  polymer.  Tha 
extreaely  high  alongatlon  of  104QZ  for  tha  PU  la  thraa  order  a  of  aagnltuda 
graatar  than  that  for  tha  PR  polymer  (12). 

Tha  adhesive  charaetarlatlca  for  tha  elastoaeric  PU  topcoat  to  tha 
pracoat  aurfacaa  vara  evaluated  on  tha  baala  of  180°  -  paal  atrangth 
taata.  Tha  taat  apaclaana  oaad  to  datarnlna  tha  bonding  forca  at  tha  PU- 
pracoat  lntarfaca  ware  prapared  by  overlaying  an  Initiated  PU  polynar  onto 
tha  natal  aubatrate  aurfacaa  that  had  baan  aodlflad  with  tha  sine  phoa- 
p ha ting  aolutlona  containing  up  bo  41  PAA  polynar  (M.W.  104,000).  Over¬ 
laid  apaclnana  ware  than  left  la  a  vaeuua  oven  at  80°C  for  ~10  hr  to  cura 
tha  PU  polynar.  Tha  180°  -  paal  strength  taata  ware  performed  at  roon 
temperature  and  tha  results  praaantad  In  Table  7,  Indicate  that  over  tha 
PAA  concentration  range  of  0  to  3X,  tha  paal  atrangth  Increases  progres¬ 
sively  with  Increasing  PAA  content.  In  the  absence  of  PAA,  the  bond 
strength  was  3.88  lb/ln.  (0.70  kg/ea).  Tha  addition  of  3Z  PAA  increased 
tha  value  by  a  factor  of  2.6.  Further  Increases  In  concentration  up  to 
4. 0Z  resulted  in  a  strength  reduction. 

Tha  failure  aurfacaa  generated  by  pealing  ware  alcroscoplcally  In¬ 
spected  to  obtain  Information  regarding  tha  failura  node  and  failure 
locus.  Tbeae  observations  Indicated  that  although  tha  PU  topcoat  for  tha 
control  apaclnana  without  PAA  dalanlnatad  froa  tha  rough  crystal  surfaces, 
tha  failura  was  elaarly  cohesive  since  a  considerable  amount  of  tha  PU 
polynar  remained  on  tha  pracoat  surfaces.  This  was  probably  due  to  tha 
strong  aachanleal  interlocking  produced  by  anchoring  of  the  topcoat  as  a 
result  of  PU  resin  penetration  Into  tha  open  spaces  In  tha  interlocked 
crystal  layers.  After  tasting,  all  of  the  PU-overlaid  complex  pracoat 
speciaens,  except  for  tha  one  containing  4. 0Z  PAA,  exhibited  very  rough 
surfaces  on  both  tha  pealed  PU  and  pracoat  sides.  This  lad  to  axtansiva 
plastic  deformation  and  fibrillation  which  represent  cohesive  failure  In 
the  ductile  topcoat.  This  cohesive  failure  can  be  interpreted  as  a  well- 
aade  joint.  It  Is  apparent  that  the  highly  stable  nature  of  the  Inter- 
phase  region  Is  doe  to  direct  chealeal  bonding  between  the  PU  and  PAA. 


TABLE  7 


180°-Peel  Strength  of  Polyurethane  Complex  Crystal  Coating  Interfaces  and 
Lap  Shear  Bond  Strength  of  Complex  Substrate-to-Furan  Adhesives 


AA,  Peel  strength,  Lap-shear  bond  strength, 

Z  Ib/ln.  (kg/cm)  pel  (MPa) 


0 

.0 

.0 

.0 

.0 


3.88  (0.70) 
5.63  (1.01) 

9.41  (1.68) 
10.25  (1.84) 

8.41  (1.51) 


640  (4.41) 
920  (6.34) 
1160  (7.99) 
1130  (7.79) 
950  (6.55) 


129 
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Inspection  of  the  pooled  surfaces  of  the  speciaens  containing  4.0Z 
PAA  Indicated  that  they  were  anch  saoother  than  the  surfaces  of  the  other 
speciaens  and  the  extent  of  plastic  deforaation  was  much  less.  This  in- 
plies  that  the  failure  aay  hare  been  through  a  aixed  aode  of  cohesire  and 
adhesive  failure. 

la  addition  to  being  affected  by  the  reactive  surface  nature  of  the 
PAA-complexed  precoat  layer,  the  peel  strength  at  the  interface  was  also 
found  to  be  dependent  upon  the  average  aoleeular  weight  (M.W.)  of  the  PAA 
polymer  used  to  restrain  crystal  growth.  Figure  SI  illustrates  the  varia¬ 
tion  in  peel  strength  of  PU/precoat  interfaces  resulting  from  changes  in 
M.W.  up  to  5  x  103.  A  PAA  naeromoleeule  concentration  of  3Z  was  used  to 
prepare  the  conversion  precoating  systems  in  this  test  series.  The  data 
indicate  that  the  interfacial  bonding  forces  increase  notably  with  in¬ 
creasing  M.W.  over  the  range  of  1  x  103  to  1.3  x  103.  The  maximum  strength 
of  10.43  Lb/in.  (1.87  kg/cm)  was  attained  with  a  M.W.  of  1.3  x  103. 

Further  increases  in  M.W.  up  to  3  x  103  seemed  to  have  little  effect  on 
the  bond  strength.  Although  the  results  are  not  shown  in  the  figure,  the 
precoat  surfaces  derived  from  PAA  monomer  yielded  a  peel  strength  of  only 
3.71  lb/ln.  (0.66  kg/ cm).  A  speculative  explanation  for  the  effects  of 
M.W.  on  peel  strength  Is  as  follows*  when  the  polyaeld  macromolecule  is 
introduced  into  the  sine  phosphatlng  liquid  system,  sn  appreciable  number 
of  divalent  Zn  ions  dissociated  from  Zn3  (P04>2*2H20  are  preferentially 
taken  up  by  the  functional  carboxylic  acid  (C00H)  pendent  groups  in  the 
PAA  molecular  structure  which  appear  to  act  as  a  miniature  ion-exchange 
system.  A  salt  complex  formation  consisting  of  COO*Zn3+  coordinated 
groups  could  be  yielded  as  a  result  of  the  charge- transfer  characteristics 
of  the  C00H  groups  and  the  active  nucleophilic  Zn Ions.49  Thus,  the 
formation  of  the  complex  structure,  which  involves  intramolecular  pairs  of 
COO"*  groups  associated  with  Zn  ions,  would  result  in  the  lntermoleeular 
entanglement  and  coiling  of  the  PAA  nscromolecules.  The  extent  of  the 
entanglement  is  commonly  associated  with  an  increase  in  the  degree  of 
neutralisation.  The  loss  of  functional  groups  at  available  absorption 
sites  for  the  highly  neutralised  PAA  polymers  leads  to  a  decrease  in  the 
magnitude  of  the  dispersion  and  wettability  forees  on  the  complex  film 
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figure  31.  180°-peel  strength  of  PU-eo«plex  precoat  Joints  ss  s  function  of 

PAA  Molecular  weight. 
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surfaces  by  PD  res In,  thereby  decreasing  the  interfaclal  adhesive  bonds. 

A  high  M.W.  PAA,  which  is  comprised  of  long  chain  units,  will  act  to  sup- 
press  the  extent  of  the  coil-up  and  entanglesent  of  molecules.  A  lesser 
alteration  of  the  chain  conformation  will  result  in  a  regularly  oriented 
configuration  of  PAA  polymer  containing  a  plentiful  number  of  functional 
groups,  therefore,  resulting  in  an  increase  in  nobility  of  PD  resin  at  the 
Interfaclal  regions. 

The  theoretical  explanation  given  above  was  tasted  experimentally  by 
measurements  of  the  interfaclal  contact  angles  at  the  PD  resin-complex 
preeoat  boundary.  The  Zn-complexed  PAA  salt  formations  which  are  yielded 
at  the  outermost  surface  sites  of  the  crystal  preeoat  layers  were  made  by 
overlaying  3Z  PAA-modified  sine  pboaphatlng  solutions.  The  M.V.  of  the 
PAA  was  varied  from  3  x  10^  to  2.3  x  10^.  The  overlaid  samples  were  then 
heated  in  a  vacuum  oven  at  110°C  to  solidify  the  complex  salt  films.  The 
contact  angles  were  determined  within  30  sec  after  deposition  of  uniniti¬ 
ated  liquid  PD  resin  on  the  complex  film  surfaces,  and  um  results  are 
given  in  Table  8.  The  data  indicated  that  small  decreases  in  the  contact 
angle  occurred  ae  the  M.W.  was  increased.  Since  e  lower  angle  corresponds 
to  an  increase  In  the  magnitude  of  the  wetting  forces,  the  wettability  of 
the  complex  film  surfaces  by  P0  resin  appears  to  be  enhanced  by  incorpo¬ 
rating  a  higher  M.W.  PAA.  The  facile  resin  mobility  at  the  interfaclal 
areas  is  developed  from  the  nature  of  primary  covalent  bond  mechanisms. 
When  a  topcoating  resin  is  brought  into  contact  with  the  oriented  high- 
M.W.  PAA  overlayer,  the  resin  is  mobile  enough  to  migrate  to  the  function¬ 
al  group  sites  on  the  layer  where  conditions  for  the  formation  of  covalent 
bonds  by  chemisorption  are  particularly  favorable.  This  formation  of 
polymer-polymer  covalent  bonds,  which  is  primarily  responsible  for  the 
molecular  orientation,  contributes  significantly  to  the  development  of  the 
interfaclal  adhesion  forces.  The  use  of  a  low-M.W.  PAA  produces  a  greater 
amount  of  colled-up  molecules,  which  are  most  likely  to  result  in  the  for¬ 
mation  of  a  weak  boundary  layer  which  gives  poor  adhesion  at  the  inter¬ 
faces.  Therefore,  controlling  the  extent  of  entanglement  is  one  of  the 
Important  factors  in  promoting  mobility  of  the  resins. 
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TABLE  8 


Contact  Angle  of  Various  PAA-Modified 

PAA  molecular 
weight 

5,000 

50,000 

100,000 

150,000 

250,000 


Complex  Film  Surfaces  by  PO  Resin 

Contact  angles, 
degree 

59.7 

55.8 
53.1 
51.5 
50.7 
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The  adhesion  aspects  of  glassy  rigid- typo  FA  polymer  topcoat*  to  com¬ 
plex  procoot  systems  were  studied  by  performance  of  lap  sheer  tensile 
strength  tests.  A*  seen  in  Table  7,  the  effect  of  the  PAA  concentration 
on  the  bond  strength  of  the  FR  polymer  is  similar  to  that  on  .the  PU. 
Namely,  the  bond  strength  Increases  upon  the  addition  of  PAA  up  to  a  3% 
concentration.  The  strength  of  1130  psi  (7.79  MPa)  at  3Z  concentration 
was  ~60X  higher  than  that  of  the  control  specimens.  At  a  4%  concentra¬ 
tion,  the  strength  declines  to  930  psi  (6.35  MPa). 

H.  Elastic  Behavior  of  Polymer-Overlaid  Preeoat  Layers 

Tests  were  performed  to  obtain  stress-strain  diagrams  for  the  top- 
eoat-precoat  composite  layers.  In  this  work,  ~1. 5 -mm- thick  PU  and  FR 
polymer  topcoat  systems  were  placed  on  complex  praeoat  surfaces  which  were 
modified  with  3X  PAA  having  a  M.U.  of  1  x  10*.  Differences  between  the 
flexural  modulus  computed  from  the  stress-strain  relation  were  then  used 
in  an  attempt  to  relate  the  stiffness  of  the  precoat  layer  with  the  me¬ 
chanical  behavior  of  the  topcoats.  Typical  stress-strain  diagrams  and  the 
computed  flexural  modulus  for  these  specimens  are  shown  in  Figure  52. 

These  interesting  results  indicated  that  the  flexural  modulus  of  the 
PU-topcoated  composite  layer  specimens  is  10.31  x  10*  psi  (7.10  x  10* 

MPa) ,  corresponding  to  an  improvement  of  ~20Z  over  that  of  the  specimens 
without  the  topcoating.  In  contrast,  the  modulus  for  7R-coated  composite 
specimens  was  ~12X  less  than  that  of  the  control.  Further,  the  yield 
stress  of  the  precoat  specimens  was  improved  ~*10X  by  overlaying  with  PU 
polymer,  whereas  a  stress  reduction  of  ~16Z  was  noted  for  FR-overlapped 
layers.  The  feature*  and  mode  of  the  fracture-initiating  cracks  at  the 
yield  stress  for  the  untopcoated  and  FR-  and  PU-topcoated  composite 
surfaces  were  investigated  using  SEN.  These  fractographs  are  given  in 
Figures  33  to  55.  For  the  untopcoated  preeoat  surfaces,  it  is  of  con¬ 
siderable  Interest  to  determine  the  mode  of  fracture  end  whether  cracking 
occurs  through  or  around  the  coarse  crystal.  Arrows  on  the  figures,  as 
seen  in  Figure  33,  signify  the  direction  of  crack  growth  in  a  bent  speci¬ 
men  surface.  As  expected.  It  was  confirmed  from  the  diverging  crack 
pattern  that  the  mleroerack  propagation  is  diverted  around  a  bulky 
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Figure  52.  Stress-strain  diagraas  for  uncoated  and  PU-  and  PR-topcoated 
coaplex  layers. 
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coarse  crystal  rather  than  passing  through  it.  The  width  of  the  micro- 
crack,  which  is  very  difficult  to  identify,  was  pm.  The  small  size  of 
the  flaw  produced  at  the  yield  stress  suggests  that  the  complex  precoat 
layers  possess  a  high  degree  of  flexibility  and  stiffness. 

When  compared  to  the  untopcoated  specimens,  the  fracture  origin  under 
tension  of  the  FR-topcoated  specimens  was  completely  different.  This  is 
microscopically  discernible  in  the  fractograph  shown  in  Figure  53  and 
Figure  54(a),  respectively.  A  linear  cracking  pattern,  resulting  in 
failure  of  the  glassy  FR  polymer,  is  apparent  in  the  topcoated  specimen. 
Figure  54(b)  shows  the  crack  initiation  area  of  the  FR  polymer  overlayer 
at  a  higher  magnification.  As  is  evident  from  the  micrograph,  the  failed 
section  exhibits  a  relatively  smooth  fac._.  Thus,  the  fracture  of  the 
brittle  FR  topcoat  was  probably  due  to  poor  plastic  deformation  in  connec¬ 
tion  with  a  rapid  progression  of  crack  growth.  The  size  of  the  flaw  was 
determined  from  the  SEM  fracture  micrographs  to  be  ~30  pm,  more  than  seven 
times  larger  than  that  in  the  failed  precoat  layer  without  the  topcoat 
system. 

In  contrast,  no  signs  of  cracking  were  detected  for  the  composite 
layer  surface  containing  the  elastomeric  PU  topcoat  (see  Figure  55). 

These  results  apparently  verify  that  the  FR  glass  topcoat,  characterized 
by  its  high  elastic  modulus,  extremely  low  elongation,  and  good  bond 
strength,  acts  to  promote  crack  propagation  at  the  Interfacial  regions. 
Although  some  nonlinear  stress  distribution  is  observed  p*  *or  to  the  de¬ 
formation  failure,  the  fracture  of  FR-precoat  composition  systems  occurs 
almost  iramediacely  following  the  formation  of  a  visible  tensile  crack. 

The  initial  cracking  of  this  composite  occurs  through  the  FR  ^olymer-pre- 
coat  stress,  whe.eby  load  is  transferred  from  the  brittle  FR  to  the  duc¬ 
tile  crystal  layers.  For  the  PU  superposition,  it  was  microscopically 
observed  that  growth  of  the  interfaelally  generated  initial  crack  is  more 
likely  to  be  associated  with  the  crystalline  precoat  sites  than  with  the 
PO  polymer  sites.  The  most  significant  effect  of  the  use  of  the  high  ten¬ 
sile  and  elongation  and  low  modulus  PU  topcoat  is,  therefore,  to  delay  and 
control  of  the  onset  of  tensile  cracking  of  the  precoat  layers.  The 
interfacial  bond  failure  occurs  after  the  precoat  layer  reaches  its  yield 
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point.  Thus,  th«  crack-arresting  properties  of  elastomeric  topcoats  ara 
found  to  play  tha  aajor  rola  In  Improving  tha  aachanlcal  behavior  of  tha 
pracoat  layer  during  lntarfaelal  failure  procassaa. 

On  tha  other  hand,  tha  affect  of  tha  adhaalfa  bonds  at  tha  topcoat/ 
pracoat  lntarfaeaa  on  tha  alas tie  behavior  of  tha  conpoalta  layers  cannot 
ha  folly  ascertained  fron  tha  axparlnantal  data.  To  gala  additional  In¬ 
formation,  pracoat  surfaces  ware  exposed  to  a  100Z  relative  hualdity 
(R.H.)  atmosphere  at  24°G  for  up  to  10  days  before  application  of  initiat¬ 
ed  PU  and  FR  resins.  Tha  presence  of  any  aoiature  on  tha  substrata  sur¬ 
faces  would  result  In  a  decrease  in  bonding  force  with  these  adhesives. 

The  hualdity  also  reduced  tha  curing  rata  of  the  polymeric  topcoat  in  the 
vicinity  of  the  wetted  precoat  surfaces.  This  reduced  polymerisation  rate 
relates  directly  to  a  decrease  in  elastic  modulus  of  top coating  materials. 

Curves  showing  the  flexural  modulus  for  PU-  and  FR-topcoated  compos¬ 
ite  layers  prepared  after  exposure  of  the  precoat  surfaces  to  100X  R.H. 
for  various  periods  of  time  ara  shown  In  Figure  36.  These  data  suggest 
that  the  presence  of  a  certain  amount  of  moisture  on  tha  pracoat  surfaces 
nay  Increase  tha  flexural  modulus  of  the  composite  layers.  Surfaces  over¬ 
laid  with  PU  after  24-hr  exposure  to  100X  R.H,  exhibited  the  maximum  modu¬ 
lus  of  123  x  105  pai  (86.13  x  lO^  MPa).  This  corresponds  to  an  Improve¬ 
ment  of  ~20Z  over  that  of  the  unexposed  surfaces.  Extending  the  exposure 
time  for  up  to  10  days  resulted  In  a  modulus  reduction,  but  the  value  was 
still  higher  than  that  from  the  dry  surface.  For  the  FR-topcoated  sys¬ 
tems,  the  data  Indicate  that  the  modulus  Increased  with  exposure  times  up 
to  ~5  days  to  an  ultimate  modulus  of  *-100  x  10*  p*i  (68.90  x  10^  MPa). 
Beyond  that  time,  the  modulus  declined  to  a  value  of  *-91  x  10^  pal  (62.70 
x  10~  MPa)  after  10  days  of  exposure.  From  the  above  findings.  It  can  be 
concluded  that  when  the  resins  in  the  curing  propagations  are  contiguous 
to  moisture,  their  polymerisation  rate  is  suppressed  by  the  humidity  ex¬ 
isting  on  the  substrate  surfaces.  This  suppression  of  polymerisation  acts 
to  produce  a  rubbery  polymer  possessing  a  low  elastic  modulus  and  high 
elongation  properties.  Thus,  even  though  the  Interfacial  bonding  forces 
are  actually  reduced  by  the  presence  of  surface  moisture,  the  decreased 
modulus  of  the  polymer  topcoat  at  the  Interface  contributes  to  an  increase 


Changes  in  flexural  modulus  of  PU-  and  PR-topcoated  complex  crystal  layers  as 
function  of  tine  of  exposure  to  100Z  R.H. 


In  the  flexural  Modulus  of  tho  crystal l in*  precoat  layers.  This  enhances 
the  stiffness  of  the  composite  layers.  The  results  further  suggest  that 
the  Interfacial  stress  transfer  Is  of  Major  importance  In  the  topcoa t-pre- 
coat  composite  systems.  For  Instance,  the  enhanced  brittleness  at  the  In* 
terface,  when  a  glassy  FB,  topcoat  Is  used,  tends  to  result  In  a  more  rapid 
decrease  in  the  Interfacial  stress  transfer  because  of  an  increased  rate 
of  compaction.  The  Increased  flexural  Modulus  of  the  coaposlte  layers 
containing  moisture  at  the  Interface  is  associated  with  an  Increase  In 
lnterfaelal  stress  transfer  which  Is  due  to  the  absorption  of  a  certain 
amount  of  energy  by  the  rubbery  topcoat  prior  to  the  Initial  cracking  of 
the  precoat  layers.  Accordingly,  the  lnterfaelal  adhesive  bonds  were 
found  to  have  a  lesser  effect  on  the  crack-arresting  behavior  and  stiff¬ 
ness  characteristics  of  the  composite  layers. 

1.  Conclusions 

Crystalline  Zn*Ph  conversion  coatings  deposited  on  carbon  steel 
substrates  by  Inner sing  the  metals  In  nongassing  phosphatlng  solutions  are 
generally  thick  (~120  urn)  and  are  comprised  of  relatively  coarse  crystals. 
These  crystal  formations  which  consist  of  a  pronounced  dendritic  micro¬ 
structure  result  In  a  high  coating  weight  which  Is  economically  undesir¬ 
able.  Although  well-crystallised  conversion  coatings  play  a  role  in  the 
development  of  strong  mechanical  interlocking  bonds  with  polymeric  top¬ 
coating  systems,  the  deposition  of  a  thick  layer  of  coarse  crystals  re¬ 
sulted  in  the  formation  of  brittle  coatings  which  failed  upon  flexing. 

In  particular,  the  dimensions  and  coating  weight  of  the  conventional 
conversion  crystals  decrease  dramatically  «ith  Increasing  PAA  concentra¬ 
tions.  It  Is  speculated  that  this  grain-refining  action  of  PAA  Is  due  to 
the  following  mechanism.  When  the  polyacid  is  introduced  into  the  zinc 
phosphatlng  liquid,  the  active  nucleophilic  divalent  zinc  cations  dissoci¬ 
ate  from  the  zinc  orthophosphate  dihydrate  in  an  aqueous  solution.  These 
may  produce  reversible  salt  complex  formations  with  functional  carboxylic 
acid  (COOH)  pendent  groups  in  the  PAA  molecular  structure.  The  complexes 
appear  to  act  as  a  miniature  lon-exchange  system.  The  formed  complex 
structure  may  also  play  a  key  role  in  restraining  the  conversion  crystal 
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growth,  thereby  resulting  In  «  unifora  dans*  coating  of  fina  crystal  size 
and  low  coating  weight.  The  aicrostructure  of  the  PAA-modified  Zn*Ph 
layers  was  confiraed  to  be  a  composite  formation  consisting  of  a  thin  PAA 
aacroaolecule  overlaying  continuously  on  a  uniform  array  of  fine  danse 
crystals. 

To  study  the  lnterfaeial  interaction  aachanisas  between  the  PAA  poly¬ 
mer  and  the  Zn*Ph  crystal  layers,  elemental  analyses  of  the  composite 
surfaces  and  subsurfaces  were  conducted  by  means  of  the  highly  sensitive 
analysis  techniques  such  as  XPS  and  EDX.  These  results  suggested  that  the 
Interaction  at  the  interfaces  is  most  likely  chemical.  The  chemical  in¬ 
teraction  is  Initiated  by  charge  transfer  reaction  mechanisms  in  which  the 
proton-donating  functional  COOH  groups  in  PAA  are  strongly  chemisorbed  to 
the  Zn  atom  at  the  outermost  surface  sites  of  the  crystal  layers.  The 
carboxylic  anions  converted  from  the  COOH  groups  are  terminatively  trans¬ 
formed  into  unique  bridge  formations  through  a  cross-linking  reaction  with 
Zn.  Thus,  the  chemical  effect  of  Zn  atoms  in  the  hypothetical  interaction 
model  was  presumed  to  be  lntermoleeular  bridging,  acting  to  connect  be¬ 
tween  the  PAA  and  the  crystal  phases.  The  deposition  products  of  the  PAA- 
complexed  Zn*Ph  crystal  were  identified  to  be  the  assemblage  structure 
of  hybrid  phases  consisting  of  the  tertiary  zinc  orthophosphate  dlhydxate 
as  the  major  product  and  some  unidentified  phosphate  compounds  as  the 
minor  ones.  The  assemblage  of  this  fine  crystal  further  suggested  that 
the  PAA  significantly  acts  to  reduce  the  degree  of  crystallinity  of  the 
Zo*Ph  compounds,  resulting  in  the  production  of  finely  crystallised 
coating  layers. 

On  the  other  hand,  the  plasticised  complex  coating  layer  plays  an 
essential  role  in  increasing  the  stiffness  and  the  ductility  of  the  con¬ 
ventional  crystal  layers.  The  flexural  modulus  of  3Z  PAA-complexed  crys¬ 
tal  layers  was  more  than  two  times  greater  than  that  of  the  conventional 
crystal  layer  without  PAA.  The  physico-chemical  factors  governing  the 
mechanical  behavior  of  the  conversion  complex  crystal  layers  depended 


primarily  upon  the  thickness,  fineness,  end  density  of  the  layers,  and  the 
average  M.V.  of  the  PAA.  With  a  high  M.W.  of  1  x  1()3,  the  most  effective 
complex  crystal  formations  and  dimensions  for  achieving  the  ultimate 
flexural  modulus  were  a  uniform  array  of  fine  dense  crystals  ~5  pm  thick 
and  ~60  to  200  ua  in  length.  The  ductile  complex  crystal  layer  and  sur¬ 
face  not  only  provide  a  corrosion  barrier  on  the  substrates,  but  also  pos¬ 
sess  the  ability  to  proaota  adhesive  bonds  with  polymeric  topcoat  systeas 
because  of  the  thin  complex  PAA  polymer  existing  at  the  outermost  surface 
sites  of  the  crystal  layers.  The  increase  in  adherent  forces  of  the  com¬ 
plex  PAA  overlayers  results  in  a  lower  magnitude  in  the  degree  of  coll-up 
and  entanglement  of  the  macromolecules  brought  about  by  the  complex  reac¬ 
tion  between  the  proton-donating  PAA  polymer  and  the  nucleophilic  Zn^+ 
ions  released  from  the  Za3(P04)*2H20  in  a  low  pH  aqueous  medium.  The 
use  of  high  M.V.  and  an  adequate  aaount  of  PAA  contributes  to  a  reduced 
alternation  of  chain  conformation  and  the  presence  of  a  large  number  of 
functional  COGH  groups,  thereby  enhancing  the  magnitude  of  wettability  of 
the  complex  preeoat  surfaces  by  the  resins. 

The  mechanical  characteristics  of  the  polymeric  topcoating  in  the 
topcoat-precoat  composite  layers  play  a  key  role  in  improving  the  stiff¬ 
ness,  the  post-cracking  ductility,  and  the  flexural  crack-arresting  pro¬ 
perties  of  the  precoat  layers.  The  improvement  of  these  characteristics 
is  more  likely  to  be  associated  with  a  low  elastic  modulus,  high  tensile 
strength,  and  extremely  high  elongation  properties  of  the  topcoats,  rather 
than  the  Interfacial  adhesive  bonds.  In  fact,  the  flexural  modulus  for 
the  elastomeric  polyurethane-superposed  composite  layers  was  -36 Z  higher 
than  that  for  the  glassy  furan  polymer  composite  layers.  Furthermore,  no 
cracking  of  the  polyurethane  surfaces  was  detected  microscopically  at  the 
yield  stress  of  bent  composite  layers.  This  suggests  that  the  interfacial 
bond  failure  occurs  after  the  precoat  layer  reaches  its  yield  point.  In 
contrast,  the  initial  cracking  of  the  brittle  furan  polymer  composite  lay¬ 
ers  occurred  through  the  polymer-precoat  stress,  whereby  a  load  was  trans- 
fered  from  the  brittle  polymer  to  the  ductile  layers. 
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V.  DISCUSSION  AND  CONCLUSIONS 

Generally,  organic  polymers  containing  functional  groups  such  aa 
amines,  esters,  and  acetals,  in  which  any  two  atoms  selected  from  N,  0, 
and  S  are  Joined  to  the  same  carbon  atom,  are  very  susceptible  to  hydroly¬ 
sis,  particularly  under  hydrothermal  conditions.  When  polymers  basing 
these  functional  groups  in  either  their  main  chains  or  in  pendent  sites  of 
macromoiecuies,  were  applied  aa  protective  costings  on  metal  surfaces,  the 
hydrothermal  disintegration  of  the  polymers  lead  to  disbondaent  of  the 
coatings  from  the  substrate  surfaces.  This  failure  was  associated  with 
the  following  four  factors,  (1)  high  segmental  mobility  of  chains,  (2)  low 
thermal  relaxation,  (3)  increased  hydrophilic  groups,  and  (4)  Low  dynamic 
mechanical  properties.  It  was  found  that  the  degradation  of  the  polymers 
can  be  suppressed  by  the  inclusion  of  calcined  reactive  fillers.  The  in¬ 
clusion  of  a  hydraulic  calcium  silicate  (Ca0»Si02)  reactive  filler 
having  a  Ca0/Si02  mol  ratio  of  0.63,  resulted  in  the  production  of  crys¬ 
talline  inorganic  macromoiecuies  and  dissociation  of  the  divalent  metallic 
ions  from  the  filler  surfaces  in  the  hot  aqueous  media.  In  Ca0*Si02 
additive-filled  polymethylmethacrylate  (PMMA)  composite  systems,  the 
hydrothermal  interactions  at  the  polymer-filler  Interfaces  can  be  inter¬ 
preted  aa  follows:  the  cation-acceptable  functional  groups  formed  by 
hydrolysis  of  PMMA  electrostatically  reacts  with  the  electropositive 
metallic  ions  migrated  from  the  Ca0*Si02  surfaces.  This  reaction  leads 
to  the  formation  of  chemically  stable  ionomer  structures.  Simultaneously, 
the  mixed  Inorganic  macromoiecuies  of  amorphous  and  crystalline  Ca0-Sl02- 
H2O  macromoiecuiar-ionomer  complex  was  identified  as  being  formed  in  the 
superficial  layers  of  the  PMMA  composite  during  exposure  in  an  autoclave 
at  a  temperature  up  to  200°C.  This  superficially  formed  complex  acts  as  a 
self-healing  protective  layer  which  is  directly  related  to  the  molecular 
structure  that  has  polymer  chains  with  low  segmental  mobility,  thereby  im¬ 
proving  the  mechanical  strength  and  thermal  stability.  It  was  also  deter¬ 
mined  that  these  complex  films  have  a  relatively  low  surface  free  energy, 
low  surface  roughness,  and  low  water  permeability. 
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When  organic  polymer  materials  era  applied  aa  a  protective  coating  to 
|  ataal  aubatrata  surfaces,  tha  aurfaco  preparation  of  the  aubatrate  prior 

to  application  of  the  polymer  coating,  ia  very  iaportant  in  achieving  good 
bonding.  In  thia  regard,  crystalline  Zn*Ph  preparationa  are  often  uaed 
commercially  aa  a  neana  for  improving  the  corroaion  reaiatance  and  paint 
|  adherence  propertiee  of  ferrona  and  ainciferrona,  (especially  galvanised) 

aetal  sarfacea.  With  cold-rolled  ateel  platea,  thia  preparation,  express- 
ed  in  terns  of  a  conversion  crystal  precoating,  can  be  aceoapliahed  by 
immersing  ateel  platea  in  a  BNL-developed  sine  p boa pha ting  formulation 
[  consisting  of  sine  orthophosphate  dihydrate,  l Zn^PO^ •  2H20 1 ,  phosphoric 

acid,  (H3PO4),  and  water. 

For  the  surface  preparation  of  high  carbon-containing  steel,  the  use 
•  of  conventional  Z0O-H3PO4-H2O  ay  a  teas  commonly  results  in  the  production 

4  of  a  porous  zinc  phosphate  conversion  layer. 50,51  in  contrast,  the  use 

of  the  BNL-developed  system  on  the  same  ateel 

produces  a  high  quality,  insoluble  conversion  crystal  precoat.  The  topog- 
|  raphical  features  of  the  well-crystallised  preeoat  surfaces  were  charac¬ 

terized  by  the  formation  of  a  thick  layer  of  highly  dense  interlocking 
rectangular  crystals  having  an  open  surface  structure.  This  typical  crys¬ 
tal  structure  was  found  to  be  a  primary  factor  ia  the  degree  of  bonding  of 
|  paint  and  resin  coatings  to  steel  substrates.  Increased  mechanical  an¬ 

choring  is  obtained  when  the  liquid  resins  can  penetrate  into  the  open 
surface  microstructure  and  mierof lssures  of  the  deposited  precoat  layers. 

Chemical  treatments  can  be  used,  not  only  to  increase  the  roughness 
ij  of  the  substrate,  but  also  to  modify  the  chemical  composition.  The  latter 

is  an  Important  factor  affecting  the  degree  of  chemical  affinity  for  poly¬ 
meric  adhesives.  In  the  study  of  interaction  mechanisms  at  the  functional 
polymer-zinc  phosphate  crystal  Interfaces,  it  was  identified  that  the 
I  crystallized  H2O  molecules  existing  at  the  outermost  surface  sites  of  the  > 

conversion  preeoats,  play  essential  roles  in  wetting  and  spreading  by  the 
liquid  reslna  which  have  functional  carboxylate  and  carboxylic  acid  groups 
v  located  in  either  their  main  chains  or  the  pendent  side  of  macromoleeules. 

I  The  most  possible  intermolecular  reaction  was  considered  to  be  due  to  the 
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formation  of  hydrogen  bonds,  COO — H2O,  bstwsso  ths  carboxyls ts  groups 
and  the  water  molecules  of  hydration  at  the  crystal  surface  sites. 
Alternative  interfacial  attraction  was  rationalised  to  be  associated  with 
the  acid-base  and  charge  transfer  interaction  mechanisms,  namely,  the 
proton-donating  carboxylic  acid  groups  chemisorbed  strongly  with  the  polar 
OH  groups  at  hydrated  crystal  surfaces.  The  carboxylic  anions  formed  by 
the  chemisorption  induce  strong  ionic  bonding  as  a  result  of  these  inter¬ 
action  mechanisms.  A  large  crystal  surface  area,  corresponding  to  the 
presence  of  a  plentiful  supply  of  polar  groups  on  the  outermost  surface 
sites,  was  more  strongly  chemisorbed  by  the  functional  polymers  than  were 
those  with  lesser  surface  areas.  Otherwise,  the  preferred  macromolecule 
orientations  in  the  polymer  layer  contribute  significantly  to  the  develop¬ 
ment  of  the  lnterfaelal  bond  strength,  whereas  the  conformation  change 
caused  by  the  free- ion- comp lexed  molecular  structure,  resulting  in  coiled- 
up  macromolecules,  is  likely  to  result  in  a  decrease  in  lnterfaelal 
bonding  forces. 

As  described  above,  the  intrinsic  adhesion  nature  at  the  functional 
polymer/xinc  phosphate  joints  was  attributed  primarily  to  mechanical  in¬ 
terlocking,  and  secondarily,  to  the  presence  of  a  weak  chemical  bond  such 
as  hydrogen  bond  and  acid/base  interactions.  However,  th'  most  ideal 
Interaction  mechanism  to  provide  a  strong  adhesion  force  and  a  highly 
stable  Interphase  region  corresponds  to  a  primary  covalent  chemical  bond 
associated  with  a  high  dissociation  energy  of  50-200  kcal/mole.  On  the 
other  hand,  although  thick  zinc  phosphate  precoats  appear  to  be  suitable 
as  corrosion  inhibitors  for  the  substrates,  the  fragile  characteristics  of 
these  bulky  crystal  structures  lead  to  failure  during  flexure  or  other 
deformation  of  the  substrate.  Deformation  failures  of  layers,  having  low 
stiffness  characteristics,  appear  to  be  directly  related  to  the  develop¬ 
ment  of  micropores  and  fissures  which  reduce  the  effectiveness  of  the 
corrosion-resistant  coatings. 

The  results  from  considerable  efforts  to  solve  these  problems,  have 
shown  that  the  Introduction  of  an  appropriate  amount  of  polyelectrolyte 
maeromolecules,  used  as  a  controllable  admixture  for  crystal  growth. 
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slgnlf leantly  improves  both  th«  lntcrfaclal  adhesion  fore**  to  the  poly¬ 
meric  topcoat  and  the  stiffaaea  and  ductility  of  brittle  conversion  lay¬ 
ers.  The  physico-chemical  factors  governing  the  mechanical  behavior  of 
the  organic  macromolecule- treated  sine  phosphate  complex  layers  depend  > 

primarily  upon  the  thickness,  fineness,  density  of  the  layers,  and  the 
average  molecular  weight  (M.W.)  of  the  macromolecules.  Zn  order  to  modify  * 

the  crystal  layers  by  the  use  of  polyacrylic  acid  (PAA)  macromolecules 
from  among  the  various  polyelec trolyte  species,  it  was  found  that  the 
polyeleetrolyte  with  a  high  M.tf.  of  1  x  10*  results  in  the  most  effective 
PAA-eomplexed  sine  phosphate  crystal  formation  and  dimensions  for  achiev¬ 
ing  the  ultimate  flexural  modulus.  The  ductile  preeoat  layer  and  surface, 
not  only  provide  a  corrosion  barrier  on  the  substrates,  but  also  possess 
the  ability  to  promote  adhesive  bonds  with  polymeric  topcoat  systems.  The 
latter  was  due  to  the  presence  of  a  thin  functional  PAA  polymer  film  at 
the  outermost  surface  sites  of  the  precoat  layers.  Therefore,  it  was  ap¬ 
parent  that  the  highly  stable  nature  of  the  interphase  region  is  caused  by 
direct  chemical  bonding  between  the  polymer  topcoat  and  PAA. 

The  mechanical  characteristics  of  the  polymeric  topcoating  in  t*  • 
topcoat-precoat  composite  layers  play  a  key  role  in  improving  the  sti  *f- 
ness,  the  post-cracking  ductility,  and  the  flexural  crack-arresting  pro¬ 
perties  of  the  preeoat  layers.  The  improvement  of  these  characteristics 
is  more  likely  to  be  associated  with  a  low  elastic  modulus,  high  tensile 
strength,  and  extremely  high  elongation  properties  of  the  topcoats,  rather 
than  the  interfacial  adhesive  bonds. 
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